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ABSTRACT 


The detailed transmission of the earth’s atmosphere throughout the spectral inter- 
vals from 8.0 to 11.0 u and from 11.0 to 14.0 pis investigated empiricallyin its dependence 
upon water vapor, ozone, and carbon dioxide. The transmission is given in both tabular 
and curve form for the following liquid water equivalents of atmospheric water vapor: 
(8.0-11.0 ) 2.1, 3.2, 6.1, 10.8, 21.4, and 41.5 mm; (11.0—14.0 yw) 1.3, 4.1, 6.5, 17.9, 20.3, 
and 23.3 mm. The integrated transmissions for these spectral regions are moderately 
high, being, in the region 8-11 yw, 83.6 per cent for 2.1 mm of water and 47.4 percent for 
41.5 mm of water; and, in the region 11-14 yw, 76.2 per cent for 1.3 mm of water and 
49.3 per cent for 23.2 mm of water. This is in sharp contrast to the atmospheric 
transmission of the spectral region between 5.5 and 8 uw, which, as shown in Part II 
of this series of analyses, is merely 13 per cent for 1 mm of water and as little as 5 per 
cent for 1o mm of water. The absorption by atmospheric ozone, now correctly placed 
between 9 and 10 yw, is much more intense than was formerly thought to be the case. 
The cessation of atmospheric transmission occurring normally at 13.9 uw recedes to 
13.5 w when the carbon dioxide in the path of the radiation has been increased to the 
amount resident in two or more air masses. Numerous small absorption lines due to 
water vapor have been recorded. Their existence has been established by repeated 
duplication. 


This is the third in a series of papers describing the degree of ab- 
sorption suffered by incoming infrared radiations as a consequence of 
the absorption spectrum of the earth’s atmosphere—an analysis of 
considerable importance in the Observatory’s program of astronomi- 
cal radiometry and in meteorological investigations. In all these 
studies the sun serves as the source of radiation and the earth’s at- 
mosphere as the absorbing medium. 
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The first paper’ in the series dealt with the continuous absorption 
spectrum of the atmosphere, the second? with the combined con- 
tinuous and discrete absorptions throughout the spectral region 5.5- 
8.0 wu, while the present communication is concerned with a treat- 
ment similar to the latter for the regions 8.0-11.0 w and 11.0-14.0 p. 
The two regions currently being considered will in the future be 
designated as regions III and IV, respectively. 

The distribution of solar intensity in regions III and IV at the 
earth’s surface is shown by original records in Figures 1 and 2.5 The 
wave-length scale is graduated in tenths uw on the dispersion of rock 
salt, and the intensities are proportional to the corresponding ordi- 
nates. The continuous absorption by water vapor creates a modi- 
fied solar energy envelope differing from the original incident at the 
outer limits of the atmosphere, and upon this the discrete absorp- 
tions of water vapor, ozone, and carbon dioxide are impressed. 
Whereas the absorption discussed in Part I is governed mainly by 
water vapor and the absorption of Part II is due to water vapor and 
the oxides of nitrogen, the transmission in region III is determined 
by water vapor and ozone and that in region IV by water vapor and 
carbon dioxide. Many of the water lines which occupy regions III 
and IV are quite unsaturated and are, consequently, amenable to 
the law which states that the absorption is proportional to the square 
root of the optical thickness. The ozone band and the absorption by 
carbon dioxide at the long wave-length limit of transmission, on the 
other hand, being quite saturated, follow a more complicated pat- 
tern. This behavior is in contrast to the region between 5.5 and 
8.0 uw, where it is water vapor which produces saturated absorption 
while the oxides of nitrogen exercise only moderate absorption. 

The particular observations to be discussed here and reduced to 
curves of transmission are typical of a large number of observations 
made over a period of two years and with a wide variety of atmos- 
pheric water-vapor contents. The reduction of such curves as those 


1 A. Adel, Ap. J., 89, 1, 1939. 

2 A. Adel and C. O. Lampland, 4p. J., 91, 1, 1940. 

3 The difficulties usually encountered in the long wave-length region (occasioned by 
drift and by contaminating radiations of shorter wave length) were eliminated through 
the use of the periodic radiometer and suitable shutter plates. 
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FIGS. 1 AND 2. Rock-SALT PRISMATIC SOLAR SPECTRUM 
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shown in Figures 1 and 2 to curves of transmission is accomplished 
by the combined application of the curve of distribution of solar in- 
tensity at the outskirts of the atmosphere, found by extrapolation 
through the use of Beer’s law,’ and the coefficient of continuous ab- 


TABLE 1 
ATMOSPHERIC TRANSMISSION: 8-11 


W ave Length B C D F 
in 
8.0 20.3 25.6 44.6 47.8 52.4 60.7 
37-0 44.2 65.8 70.8 79.5 
8.2 34.4 68.7 70.5 80.5 85.9 
8.3 78.1 82.7 89.5 
49.5 64.8 83.7 89.7 93-7 97-3 
8.5 47-5 63.2 82.5 88.3 93-3 96.6 
8.6 54.8 70.0 84.8 90.5 93.6 97.1 
8.7 53-1 71.5 83.3 89.8 93-4 95.6 
51.8 69.5 81.6 88.0 94.3 
8.9 56.5 75.0 86.2 92.7 95-7 97.9 
54 82.8 g1l.o 95.2 97.6 
57-6 94:2 85.2 QI .4 94.7 97.1 
58.2 84.2 g1.8 95.0 
62.4 77.6 84.7 85.7 88.5 
9.4. 20.2 30.7 2.7 43.2 40.4 41.9 
9.5. 21.5 23.2 2.0 34-7 27.3 28.5 
9.6. 24.6 27.8 45.1 39.8 31.6 32.6 
9.7 24.6 35-3 41.8 33.1 34-3 
9.8 30.0 34.2 43-3 50.8 43.0 45.4 
9.9 40.8 45.8 57-6 65.8 60.9 64.2 
10.0 49.6 59.2 74.2 82.3 80.2 2.7 
10.1 57-5 69.2 83.8 92.5 Q1.7 94.8 
10.2 66.7 70.0 83.8 93.9 94.2 98.5 
10.3 53-3 68.5 82.2 2.5 94.5 98.7 
10.4 560.4 71.5 80.6 QgI.o 95.1 99.0 
10.5 68.5 78.4 89.0 g1.6 
10.6 80.8 92.3 93.8 07.7 
56.3 82.0 03.5 Q4.2 97.8 
10.8 50.0 60.3 75.4 Q2.3 90.6 
10.9 53.0 IGS 78.8 93.6 04.7 96.2 
| 51.0 04.4 78.9 g2.0 93.6 96.6 


sorption at 11.0 u. The atmospheric water-vapor content was in each 
case spectroscopically determined. Six observations reduced in this 
manner for region III are summarized in Table 1 and in Figure 3, 
while six observations similarly reduced for region IV are summa- 
rized in Table 2 and in Figure 4. It will be noted in Figure 4 that the 
curve of continuous-absorption coefficient in this spectral region does 
not rise as rapidly in the direction of longer wave lengths as was indi- 
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Atmospheric transmission: 8-11 


& 
a 
| | 
| 
| 
| 
} 
4 
| 
| 


ATMOSPHERIC ABSORPTION 485 


cated by the earlier preliminary measurements.’ The liquid water 
equivalents corresponding to the observations of Figure 3 are: A, 
44.0-39.0 mm; B, 22.2-20.5 mm; C, 11.2-10.4 mm; D, 6.2-6.0 
mm; £, 3.3-3.1 mm; and F, 2.1-2.1 mm. The first, or larger, num- 


TABLE 2 
ATMOSPHERIC TRANSMISSION: 
Wave Length 
tips A B Cc D E F 
67.7 71.3 89.5 97.4 
75.0 78.5 g1.3 94.2 97.5 
70.3 73.3 99.3 90.3 Q2.2 96.6 
63.7 68.0 9 86.7 90.7 95.2 
67.3 70.8 94.5 88.1 92.5 95.8 
67.0 70.8 73.0 87.2 .3 94.8 
55-4 59.5 63.3 76.8 87.0 93.4 
70.2 75.0 86.7 90.8 95.5 
65.5 72.6 85.7 QgI.2 95-7 
67.5 72.5 74.5 89.1 89.9 96.2 
68.8 72.1 74.5 85.2 95.5 
64.1 67.5 70,3 86.8 88.5 95-7 
62.2 64.8 68.1 84.5 87.3 94.5 
55.0 59.3 79.2 80.4 91.6 
36.2 40.4 43.5 63.1 70.3 85.7 
63.1 06.2 65.4 78.1 83.2 93.0 
54.8 59.0 60.1 85.1 96.6 
51.3 56.3 79.3 82.7 95.6 
63.3 64.8 64.8 84.9 86.1 96.7 
62.0 60.3 60.1 79.1 80.6 go.4 
52.2 52.0 50.3 72.8 67.1 76.7 
4359 24.9 22.8 43:3 45.4 56.0 
22.6 24.9 18.5 39.0 35.0 39.0 
9.9 0.0 13.5 14.9 16.3 
3.8 5.0 0.0 10.0 13.7 
12.5 12.9 0.0 16.4 15.9 17.1 
0.0 0.0 0.0 0.0 °.0 
0.0 0.0 0.0 0.0 0.0 


ber corresponds to 11.0 u, while the second number corresponds to 
8.0 w, the latter having in each instance been observed at a slightly 
smaller zenith distance of the sun than the former. Similarly, for 
Figure 4 we have A, 24.2-22.5 mm; B, 21.5-19.1 mm; C, 19.6- 
16.2 mm; D, 6.7-6.3 mm; &, 4.1-4.1 mm; and F, 1.3-1.3 mm. 
As before, the larger number corresponds to 14.0 uw and the smaller 


tO 
The transmissions listed in Tables 1 and 2 are given at intervals 
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of o.1 uw. Figures 3 and 4 give continuous curves of transmission 
based on Tables 1 and 2, supplemented by additional points such as 
the maxima and minima of salient features. In Figures 3 and 4 the 
plots are on the scale of normal dispersion. The dispersion axis for a 
given curve lies opposite the left-hand letter corresponding to the 


TABLE 3 

ATMOSPHERIC TRANSMISSION 
. Region of Region of Region of Region of Mean Weir meen 
Curve 8 Content Air 
on Q-10 Il (Mm) 
47.9 39.3 54.9 47.4 41.5 1.6 
| 61.3 47.2 69.5 59.3 21.4 1.6 
| 78.4 Cy 80.6 10.8 1.4 
84.8 64.0 g1.8 80.2 6.1 
E Sas 88.2 60.1 93.3 80.5 3:2 1.6 
g1.8 61.9 97.2 83.6 1.5 

TABLE 4 

ATMOSPHERIC TRANSMISSION 
: Mean Water Mean 
of — of of of Cassin: Air 
TI-12 12-13 4 11-14 (Mm) 
72.9 65.1 18.7 52.2 17.9 2.3 
87.3 $1.2 67.0 6.5 
.3 84.8 32.9 69.7 4.1 1.4 
95.8 Q4.2 38.7 76.2 1.4 


curve. The termini of the curves are given by the letters on the right. 
Each vertical division is equal to 1 per cent on the scale of 100 per 
cent. 

Tables 3 and 4 list the integrated transmissions obtained from 
Figures 3 and 4 for the intervals: 8.0-9.0 p, 9.0-10.0 10.0-11.0 
8.0-11.0 w; and 11.0-12.0 p, 12.0-13.0 13.0-14.0 I1.0-14.0 
The mean air mass of each observation is also given. It is now ap- 
parent that the recession of the limit of transmission in C of Figure 4 
is due to the relatively large carbon dioxide content of air mass 2. 


LOWELL OBSERVATORY 
FLAGSTAFF, ARIZONA 
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ABSOLUTE f-VALUES BY THE METHOD 
OF TOTAL ABSORPTION* 


ROBERT B. KING AND DONALD C. STOCKBARGER' 


ABSTRACT 

A special furnace has been constructed for the purpose of measuring the absolute 
f-values of lines in spectra of astrophysical interest. The method, that of total absorp- 
tion, is described, and results obtained in the course of the preliminary work are given. 
For the line \ 3261 of cadmium an f-value of 0.0023 was obtained, in good agreement 
with the values obtained by other investigators. For the copper resonance lines Ad 3247 
and 3274 the results are 0.62 and 0.32, respectively. 

The work described here was undertaken with the purpose of de- 
termining experimentally the absolute f-values of lines in the spectra 
of elements of astrophysical importance. The field for investigation 
is limited by a number of factors, but several elements, among them 
iron and nickel, offer the possibility of such determinations. The 
present paper describes the experimental technique and the pre- 
liminary results obtained in the course of checking its accuracy. 

Numerous experimental methods have been employed to measure 
absolute f-values or, in the case of resonance lines, the lifetime of the 
excited states.2 These have been concerned mainly with resonance 
lines in the spectra of elements of relatively easy excitation. Most of 
these methods encounter serious practical difficulties when applied 
to the lines of the higher melting-point elements. A survey of the 
possibilities showed that the method of ‘total absorption”’ offered 
the most promising means of attack on these elements. 

The primary requisite of the method of total absorption is knowl- 
edge of the absolute number of atoms in the column of absorbing 
vapor. Hence, reliable vapor-pressure data at the temperatures to 
be used must be available, and the temperature and the length of 
the column of absorbing vapor must be accurately known. It has 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 629. 
* Of the Massachusetts Institute of Technology. 
2A discussion of these methods and a bibliography is given in Mitchell and Ze- 
mansky, Resonance Radiation and Excited Atoms, Macmillan, 1934. 
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been our experience that sufficient vapor density may be obtained 
at temperatures well below the melting-points to observe in absorp- 
tion the ultimate lines of the metals of the iron group. A furnace was 
therefore constructed in which temperatures up to 1300°-1400° C 
could be closely regulated and accurately measured and in which a 
pure metal could be heated without the formation of an alloy affect- 
ing the vapor pressure. 
APPARATUS 

The essential features of the furnace are shown in Figure 1. Un- 
less otherwise specified, the parts of the furnace are of Alundum, of 
mixture RA 98, rated to withstand temperatures of over 2000° C.3 
A core A of 13 inches inner diameter, 10 inches long, wound with 
0.020-inch molybdenum wire, twelve turns per inch, is the main 
heating element. It is surrounded by another core B, of 2 inches 
inner diameter. Two inches at each end of core B are also wound 
with 0.020-inch molybdenum wire, nine turns per inch. The wind- 
ings of both cores are coated with a layer of Alundum cement, RA 
518. The cores are inserted in holes drilled in the centers of the disks 
C’, 4 and 5 inches in diameter, fastened together. These disks serve 
as insulators and support two cylindrical nickel baffles D which sur- 
round the heating elements. The disks are drilled with numerous 
holes to permit evacuation of the space between the cores and the 
battles. 

A system of baffles F, formed by attaching disks to the ends of 
thin-walled cylinders E by means of molybdenum wires, helps to 
maintain a uniform temperature within the center cylinder. A }-inch 
hole in the center of each disk permits passage of light from the 
source of the continuous spectrum. The absorption cell G, an evacu- 
ated pyrex or quartz tube about 25 mm diameter and 38 mm long, 
containing the element to be studied is placed in the central cylinder. 

A thermocouple for temperature measurements is mounted in a 
small double-holed porcelain tube J. The hot junction is located 
directly over the absorption cell. 

The apparatus illustrated in Figure 1 is inclosed in a vacuum 
chamber (not shown) consisting of a 6-inch steel pipe 18 inches long, 


3 Obtained from the Norton Co., Worcester, Mass. 
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closed permanently at one end by a cast-iron pipe cap. The furnace 
parts and the wiring are attached to a cast-iron faceplate, which is 
clamped to a flange at the other end of the pipe. The joint between 
flange and faceplate is sealed effectively by universal wax, pressed 
into a groove at the outer periphery. All the cast-iron parts are 
painted with several coats of Glyptal lacquer. 

The 6-inch steel pipe is surrounded by a water jacket. The cap, 
faceplate, and brass window holders in cap and faceplate are cooled 
by coils of copper tubing. In addition, three nickel disks, not shown 
in the figure, mounted at each end of the furnace core, reduce heat 
transfer to the ends. These cooling devices, together with the 
cylindrical nickel baffles inclosing the furnace cores, allow a furnace 
temperature of 1300°-1400° C to be maintained without overheating 
the wax joints. 

Pressures of 0.01-0.05 mm of Hg are readily maintained in the 
furnace by means of a Megavac pump. Pressures within this range 
were used in all the experiments described here. 

The wirings of the two heating elements A and B are independent 
of each other. The current in the winding of the inner core A is 
closely controlled by a Variac attached to the 220-volt A.C. line. 
The windings at the ends of the outer core B are in parallel with each 
other and are connected in series with a lamp rheostat to a 12-kw 
D.C. generator. By slide-wire rheostats the proportion of current in 
each may be varied, and the total current controlled by the lamps. 
All the heating wires and the thermocouple wires pass through the 
faceplate. The former are attached to spark plugs, and the latter are 
led through vacuum-tight insulated fittings screwed into the face- 
plate. 

The heating elements were designed to maintain a uniform tem- 
perature over 6 or 7 cm of the central portion of the furnace. The 
currents required in each coil to remove temperature gradients 
within this region were found by shifting back and forth a movable 
thermocouple, controlled from without the furnace by a simple 
magnetic arrangement. This was done at various temperatures. It 
was found that the temperature variations could be kept within 
1° C at all temperatures. 

Temperature measurements were made with a platinum, platinum- 
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rhodium (10 per cent) thermocouple calibrated by the Bureau of 
Standards. Fine wires, 0.007 of an inch in diameter, insured quick 
response to temperature changes in the furnace. The thermocouple 
e.m.f. was measured by a Wolff potentiometer, calibrated by a Wes- 
ton standard cell. The cold junction of the couple was kept at room 
temperature. Changes in e.m.f. corresponding to temperature 
changes of less than 3° C were easily observed with the aid of a 
galvanometer. During 30-minute exposures the furnace temperature 
could be held constant to 1° C without difficulty. 

The source of continuous radiation in the ultraviolet was a 50- 
ampere Philips cinema lamp with quartz bulb. A 2}-inch-focus 
quartz lens, sealed to the window holder at the closed end of the 
furnace chamber, sent a parallel beam of light through the furnace 
tube. Emerging through a plane quartz window in the faceplate, the 
beam was brought to a focus on the slit of the spectrograph by two 
additional quartz lenses. 


METHOD OF MEASUREMENT 


The total absorption, or the equivalent width, of an absorption 
line as a function of the number of atoms active in absorbing the line 
is given by the well-known curve of growth. The linear, faint-line 
portion observed for a very small concentration of the absorbing 
atoms has been used to derive the relative f-values of lines of Fe 1 
and 771 from measures of equivalent width of absorption lines pro- 
duced in the graphite-tube electric furnace.*’ In the course of these 
investigations it was shown‘ that the shape of this portion of the 
curve of growth, derived from lines photographed in the second 
order of the 15-foot concave-grating spectrograph, followed the 
course of the theoretical curve within the limits of observational 
error. The fact that the shape of the curve was defined well into the 
Doppler portion where the relation between the equivalent width and 
the number of absorbing atoms is not linear but approaches the hori- 
zontal was good evidence that the spectrograph introduced no large 
errors into the absolute values of total absorption as a function of 


4R. B. and A. S. King, Mt W. Contr., No. 528; Ap. J., 82, 377, 1935: 
5R.B.and A. S. King, Mt. W. Contr., No. 581; Ap. J., 87, 24, 1938. 
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the number of absorbing atoms. The present work, however, re- 
quires a more precise check. 

Under the circumstances, the most satisfactory way of accom- 
plishing this is to measure the equivalent width of a line for which 
the number of absorbing atoms may be calculated. Thus a check is 
provided not only on the action of the spectrograph and the photo- 
metric method but on the furnace and the temperature measure- 
ment as well, since the number of active atoms is calculated from 
conditions assumed to exist in the furnace. 

The linear and lower Doppler portions of the theoretical curve of 
growth of an absorption line may be represented by the equation :° 


from which A,/2AXp, the equivalent width divided by twice the 
Doppler breadth, both in angstrom units, may be calculated as a 
function of C for values of C < 3. Here 


C=k nlf, (2) 


where k,, the absorption coefficient per oscillator, is given by 


(3) 


and where n is the number of atoms per cubic centimeter in the low- 
energy state involved in the transition, / the length of the column of 
absorbing vapor, and f the f-value or “oscillator strength” of the 
line. For any state, 7 is given by the Boltzmann formula 
kT 
n = No (4) 


where , is the number of neutral atoms per cubic centimeter ob- 
tained from the vapor-pressure data for the temperature 7, g; is the 


Unsild, Physik der Sternatmos phdren, Springer, 1938. 
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statistical weight (27 + 1), and £; the excitation energy of the state 
in question measured from the ground state. The summation is 
taken over all states of the atom. For a single ground state without 
neighbors close enough to have appreciable populations at low tem- 
peratures (which is the case for Cd and Cu), the summation is equal 
to the statistical weight of the ground state and the expression 
reduces to x = n,. The Doppler breadth is given by 


/2RT 
aro = (5) 


where 7 is the absolute temperature, M the atomic weight, and R 
the gas constant. By means of equations (1)-(5) the equivalent 
width A, can be calculated as a function of nif which gives the 
course of the linear and lower Doppler portions of the curve of growth 
for specified values of A, 7, and M. 

Therefore, if the factors m, g, Ei, 1,, T, and M are known, the ab- 
solute f-value of a line may be derived from observations of the 
equivalent width, when the equivalent widths lie on the linear and 
lower Doppler parts of the curve of growth. Since the equivalent 
widths must be small in order to satisfy this requirement, a combina- 
tion of low vapor density and small f-value is desired. 

Most of the lines for which experimental absolute f-values are 
available are resonance lines (usually having large f-values) of ele- 
ments for which a high vapor density may be produced at low 
temperatures. In most cases a rough calculation shows that the de- 
sired equivalent width can be obtained only at very low tempera- 
tures. Usually either the vapor-pressure data are not available at 
these temperatures or the Doppler breadth is so small as to prevent 
observation of the linear portion of the curve of growth. In some 
cases the lines lie in parts of the spectrum not conveniently observed 
with our apparatus. By a process of elimination it was found that 
perhaps the most favorable line for investigation was \ 3261 of 
cadmium. In addition, the copper resonance lines AX 3247 and 3274 


have been investigated. 
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MEASUREMENTS OF THE CADMIUM LINE AX 3261 


The cadmium line \ 3261 arises from the intersystem transi- 
tion between the normal state 'S, and the state *P?. Its measured 
f-value is small in comparison with that of the ultimate line \ 2288 
CS, — 'P,). Its absolute f-value has been determined by three inde- 
pendent methods. Kuhn,’ from measurements of magneto-rotation, 
found f = o.co1g, H. D. Koenig and A. Ellett® found o.oo19, and 
Ellett? found 0.0021, from measurements of the lifetime of the *P? 
state. Hence this line has one of the best-determined f-values. An 
approximate calculation showed that at a temperature of about 
200° C, \ 3261 should have an equivalent width observable by the 
spectrograph and should lie near the upper limit of the linear portion 
of the curve of growth. 

Vapor-pressure curves for solid cadmium are given by A. C. Eger- 
ton'? and K. K. Kelley." The equation of Egerton is derived from 
measurements of the vapor pressure of solid cadmium. Kelley has 
derived free-energy equations for solid and liquid cadmium from a 
critical consideration of all available vapor-pressure and other data 
included in the derivation of the equations. Since Kelley’s is the 
later and more comprehensive work, his curve has been adopted for 
the reduction of our observations. Kelley’s value for the vapor pres- 
sure at 200° C is about 17 per cent larger than Egerton’s. Hence the 
f-values derived with the aid of Kelley’s curve will be smaller than 
those obtained with Egerton’s by this amount. 

A Pyrex tube 25 mm in diameter and 38 mm long with plane 
Pyrex windows sealed to the ends was evacuated and baked out. A 
deposit of pure cadmium metal was introduced by distillation into 
the tube, which was then sealed off and placed in the central portion 
of the furnace. 

The absorption line was photographed in the second order of the 
15-foot, concave-grating spectrograph, dispersion 1.86 A/mm. 
Equivalent widths as small as 0.001 A are measurable on Eastman 


7 W. Kuhn, “Die Stirke der anomalen Dispersion in nicht leuchtendem Dampfe von 
Thallium und Cadmium,” Habilitationsschrift, Ziirich, 1920. 
8 Phys. Rev., 39, 576, 1932. 10 Phil. Mag., 33, 33, 1917. 


9 Phys. Rev., 33, 124 (A). 19209. "U7.S. Bureau of Mines Bulletin, No. 383, 1935. 
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IV O plates with this instrument. Plate calibration and photometry 
and reduction to equivalent width were carried out in a manner 
described in a previous paper.4 Twenty-five observations of equiva- 
lent width, ranging from 0.002 to 0.006 A, were made at tempera- 
tures between 182° and 208° C. From a curve of growth computed 
for a temperature of 205° C and with the aid of the vapor-pressure 
curve of Kelley, a mean f-value of 0.0023 for \ 3261 was derived. 
Egerton’s vapor-pressure curve yields f = 0.0027. The average de- 
viation of a single measure from the mean was about 8 per cent, with 
no indication of systematic differences. 

Considering the nature of the measurements, the agreement be- 
tween our value f = 0.0023 and the values f = 0.0019 and 0.0021 
obtained by the earlier investigators is good. The difference may 
be due to uncertainty in the vapor-pressure curve for solid cadmium, 
which is less well determined than that of the liquid. Kuhn’s work’ 
was done at temperatures well above the melting point. It is note- 
worthy that the points cited in his paper (522° and 560° C) fall on 
Kelley’s vapor-pressure curve. 

The agreement between our result and those of other investi- 
gators indicates that the present method, for low temperatures at 
least, and the spectrograph are free from all but very small sources 
of systematic error. 


THE COPPER LINES \A 3247 AND 3274 

No previous measurements of the f-values of the copper resonance 
lines \ 3247 and \ 3274 are available. However, the domination of 
the spectrum by the resonance lines indicates that they should be 
observed at temperatures well below the melting point. Vapor- 
pressure curves for copper in the neighborhood of the melting point 
are given by H. A. Jones, I. Langmuir, and G. M. J. Mackay,” by 
P. Harteck,"3 by K. K. Kelley," and by A. L. Marshall, R. W. 
Dornte, and F. J. Norton.'* The curve given by the free-energy 
equation of Kelley, based in part on Harteck’s measurements 
(1419°-1463° K), has been adopted for the present work. This curve 
is in excellent agreement with the later data of Marshall, Dornte, 


12 Phys. Rev., 30, 201, 1927. 


13 Zs. phys. Chem., 134, 1, 1928. 14 J. Amer. Chem. Soc., 59, 1161, 1937. 
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and Norton (1268°-1466° K) from measurements of rates of evapora- 
tion of copper. The agreement is shown by the fact that both give 
81,240 cal/gm atom as the ‘‘best”’ value of the heat of vaporization 
of copper at o° K as derived from the vapor-pressure data. 

A sheet of high-purity, triple-plated electrolytic copper, obtained 
through the kindness of Dr. R. N. Rhines and Dr. Gerhard Derge 
of the Metals Research Laboratory of the Carnegie Institute of 
Technology, was placed in a quartz tube 25 38 mm, similar in size 
to the pyrex tube used for Cd. The tube was evacuated, baked out 
with hydrogen, and finally evacuated, baked out, and sealed off. No 
change in the bright surface of the metal was observed after repeated 
heatings in the furnace. Measurements of equivalent widths of 
AA 3247 and 3274 were made at temperatures ranging from 897° to 
952° C. A curve of growth computed for a temperature of goo° C 
and the vapor-pressure data of Kelley were used in reducing the 
equivalent widths to f-values. The hyperfine structure of the lines 
must, however, in this case be considered in its effect on the shape of 
the curve of growth, which, for the equivalent widths observed at 
these temperatures, deviates slightly from linearity. 

If the hyperfine-structure separation of a line is larger than the 
Doppler width, then each hyperfine-structure component should be 
treated as a separate line, each following its own curve of growth. 
If, as is the case for the copper lines, the hyperfine structure is not 
completely resolved by the spectrograph, the measured equivalent 
width is the sum of the equivalent widths of the components of the 
line. If the equivalent width of the blend lies on the truly linear 
portion of the curve of growth, the f-value of the line may be derived 
from the total area; but since our observed equivalent widths for 
the copper lines fall on the nonlinear part of the curve, the com- 
ponents must be treated separately. 

The hyperfine structure of the lines \X\ 3247 and 3274 has been 
observed by S. Frisch's and by R. Ritschl.’° Both lines were found 
to be doublets with separations of about 0.04 A. In each case the 
intensity ratio of the components was observed as approximately 
2:1, the component of longer wave length being the stronger. Since the 
nuclear moment of the copper atom is 3, the theoretical hyperfine- 


1s Zs. f. Phys., 71, 89, 1931. 6 Zs. f. Phys., 79, 1, 1932. 
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structure pattern of the terms gives the *S, term as split into two 
components, ?P} into two, and *P¥ into four. The separations of the 
components of ?P} and ?P} are small compared to those of *S;. The 
selection rules allow four hyperfine-structure lines to arise from the 
transition *S,; — ?P} (A 3274) and six from *S,; — ?P?, (A 3247). Be- 
cause of the small separation of the ?P} and ?P?, components, how- 
ever, we should expect the observed hyperfine structure of each line 
to consist of two components of approximately equal separation 
arising from the splitting of the *S, term. Each of these components 
should be an unresolvable blend due to the *P} and ?P%, splitting. 
This is found to be the case in the analogous D lines of sodium.'? In 
accordance with the statistical weights of the terms of the *S, hyper- 
fine structure, the theoretical intensity ratios of the observed 
doublet components will be 5:3, and the stronger component will 
in each case lie on the long wave-length side. Since the observations 
of Frisch and Ritschl indicate that this picture is correct, it seems 
best for our purpose to treat the lines as composed each of two 
simple components of intensity ratio 5:3. 

In case of hyperfine structure the over-all f-value (f) for a line is 
given by the relation 


jk 


where 


and 7 and & refer to the lower and upper hyperfine-structure terms 
involved in the transition. The summation is taken over all com- 
ponents. In our case we may write for each line 


_ Nift t+ Naf, 


where V, and N, are the numbers of atoms in the two *S; hypertine- 
structure terms, and f, and f, are the f-values associated with the 


17C. M. van Atta and L. P. Granath, Phys. Rev., 44, 60, 1933. 
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transitions from these terms. Then if the measured total equivalent 
widths of the lines are divided into two parts of ratio 5:3, V.f; and 
N.f, may be read off the curve of growth. Dividing the sum by JN, 
the number of atoms in the lower state, yields f, the over-all f-value 
of the line. Here NV = nl, where 1 is the number of normal atoms 
per cubic centimeter and / the length of the path. 

Our observations of the copper lines suggested this hyperfine 
structure. The lines were broadened, and since the microphotom- 
eter tracings showed indications of a secondary maximum on the 
violet side of each line, the reduction of equivalent widths to f-values 
was carried out by the procedure just outlined. 

The mean of 43 observations gave f-values of 0.62 for \ 3247 and 
0.32 for \ 3274. The average deviation of a single measure from the 
mean was about 10 per cent, with no indication of systematic dif- 
ferences for different temperatures. 

When the lines were treated as single simple lines, the f-values 
found were 0.76 and 0.36. But owing to the fact that the total 
equivalent widths from which these values were derived lie on the 
part of the curve of growth which deviates from linearity, rather 
large systematic differences with respect to equivalent width, or 
temperature, appeared, especially for \ 3247. The adopted method, 
which allows for the hyperfine structure, should give closer approxi- 
mations to the true f-values. It may be noted that any reasonable 
division of the observed equivalent widths, say 2:1, brings the com- 
ponents down onto the more truly linear portion of the curve of 
growth, and the resulting f-values differ negligibly from those cor- 
responding to an assumed ratio of 5:3. Hence, even if the lines were 
treated as complexes of four or six components, the resulting f-values 
would differ only slightly from 0.62 and 0.32 derived on the assump- 
tion of only two components. 

For cadmium \ 3261 the theoretical hyperfine structure consists 
of three components, one strong, due to the isotopes of even atomic 
number whose nuclear spin is zero, and two weaker components, due 
to the isotopes of odd atomic number with nuclear spin 3. The line 
has been observed only as double."*"? According to Ellett and Lar- 


W.A. McNair, Phil. Mag., 2, 613, 1926. 
1 A. Ellett and L. Larrick, Phys. Rev., 39, 294, 1932. 
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rick’? the component due to the even isotopes coincides with the 
stronger of the two components due to the odd isotopes. These au- 
thors find an intensity ratio between the two observable components 
of 7:1, while the work of H. Schiiler and J. E. Keystone” indicates a 
ratio of 12:1. In any case, the bulk of the intensity is due to one 
component. On our spectrograms the line appears single and very 
sharp. It has been treated here as a single simple line. The devia- 
tion of the curve of growth from linearity has in this case very little 
effect on the derived f-value. 


THE f-SUM FOR COPPER 

The Thomas-Kuhn f-sum rule” states that the sum of the f-values 
of ail lines arising from a single atomic energy level shall equal the 
number of optical electrons, that is, the number of electrons which 
may take part in transitions giving rise to the optical spectrum 
including the continua beyond the series limits. For the alkali spec- 
tra the f-sum is about one,” since the inner closed electron shells are 
tightly bound and only the valence electron is active in producing 
the spectrum. In the case of copper the normal configuration is 3d'’4s 
with a closed d shell and single s electron, and an alkali-like doublet 
spectrum arises from transitions of the type 4s-np, 4p-nd, etc., in- 
volving only the outer electron. The resonance lines 3d'°4s *S; — 
3d'°4p ?P), belong to this spectrum. The d shell is not tightly 
bound, however, and configurations of the types 3d?xx, 3d*xxx, 
3d’xxxx, etc., are theoretically possible, and an enormous number of 
transitions may occur between the normal state 3d'°4s and terms 
arising from these configurations. Transitions are observed between 
the normal configuration 3d'°4s and terms of the configuration 
3d°4s4p, giving rise to several moderately strong intersystem lines in 
the near ultraviolet. Therefore, since it is possible that any one or 
more of eleven electrons may be involved in transitions from the 
normal state (assuming the electrons in the inner shells are tightly 
bound), the f-sum should be eleven, to a close approximation. The 


Zs. f. Phys., 67.433, 1031. 

21 Naturwiss., 13, 627, 1925; Zs. f. Phys., 33, 408, 1925. 

22 Experimental results are summarized in an article by S. A. Korff and G. Breit, 
Rev. Mod. Phys., 4, 471, 1932. 
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present investigation gives an f-sum of 0.94 for the resonance lines 
alone. It appears that although the resonance lines dominate the 
observed spectrum, the contributions of the enormous number of 
theoretically possible transitions, whose f-values are individually 
very small, together with the continuum beyond the series limit, 
amount to over go per cent of the total f-sum from the normal state. 


SOURCES OF ERROR 

The source and the amount of systematic error are difficult to 
determine in work of this sort. Errors may arise from a number of 
sources, including vapor-pressure data, temperature measurement, 
scattered light in the spectrograph, photographic photometry, and 
possible chemical reactions between the metal and its surroundings 
in the furnace which would alter the vapor pressure. While not 
definitive, the fact that successive exposures at the same tempera- 
ture and exposures taken during repeated reheatings of the furnace 
gave accordant results for both Cd and Cw indicates that stable 
conditions of the vapors existed. It is noteworthy that the differ- 
ences between our f-value for Cd \ 3261 and that of other investiga- 
tors (2.3% 10-3 against 1.9 and 2.1X10-%) are in the sense opposite 
to what would be expected if the observed equivalent widths were 
affected by scattered light in the spectrograph. Filters used to cut 
down extraneous light had no influence on the measured equivalent 
widths. Measurements of thermocouple e.m.f. were made by a null 
method with apparatus of high precision whose error should be small. 
A systematic error in temperature measurement of 1° C would in- 
troduce an error of about 5 per cent in the f-value for Cd and 3 per 
cent in those for Cu. For the measurements with Cu two different 
thermocouples were used which gave results identical within the 
errors of measurement. From a consideration of the factors of uncer- 
tainty involved, it is evident that no claim of high accuracy can be 
made for measurements of this kind. Nevertheless, the good agree- 
ment between our f-value for Cd \ 3261 and those of other investiga- 
tors indicates that the systematic errors of the method are small. 
Hence we may conclude that if the vapor-pressure data are good and 
the vapor of the pure metal can be obtained in the furnace, the 
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method of excitation, the temperature measurement, the spectro- 
graph, and the photometry will yield reasonably accurate results for 
other elements. 


This investigation was begun in the George Eastman Research 
Laboratory of Physics at the Massachusetts Institute of Technology 
and continued in the laboratory of the Mount Wilson Observatory. 
We wish to acknowledge the courtesy and co-operation of the 
physics department of the Institute in permitting the transfer of the 
apparatus. We also wish to thank Dr. Arthur S. King for his con- 
tinued interest and many helpful suggestions and Dr. Rudolph 
Minkowski, Dr. Ralph W. Dornte, Dr. George H. Shortley, and Dr. 
Leo Goldberg for valuable advice on various points of the problem. 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY, 
Puysics DEPARTMENT 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
August 1939 
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THE PHOTOGRAPHIC DETERMINATION OF STELLAR 
PARALLAXES WITH THE 60- AND 100-INCH 
REFLECTORS* 


SEVENTEENTH SERIES 
ADRIAAN VAN MAANEN 


ABSTRACT 

Trigonometric parallaxes determined with the 60- and roo-inch reflectors are given 
for 25 fields, including 26 stars, 20 of which have photographic absolute magnitudes of 
+1o or fainter; 5 are even +15 or fainter. A list is given of the 21 stars known at 
present for which the absolute photographic magnitude is fainter than +15. 

The present paper gives results for 26 stars in 25 fields, which have 
recently been measured for parallax. The work has been carried out 
in the same way as for the previously published series.’ The results 
are given in Table 1. The magnitudes are those published by Willis 
or by the Radcliffe observers or derived from star-counts based on 
Publications of the Astronomical Laboratory at Groningen, 27, Table 
IV, 1917. The parallaxes of Wolf 424 and of Luyten 789-6 are pre- 
liminary, based on 12 exposures each. 

BD +20°5071 isa star of type R3 with dwarf characteristics; since 
the mean absolute parallax from McCormick and Mount Wilson is 
+0004, the absolute magnitude is +1.8 visual. 

For U Pegasi the motion in declination was also measured, giving 
5 = t0%oo1. 

Most of the stars were put on the program as faint stars of con- 
siderable proper motion with the hope of finding some more stars 
of very faint absolute magnitudes. Not less than 20 of the stars have 
a photographic absolute magnitude fainter than +10, while 5 are 
even fainter than +15, viz., the two components of Wolf 424, Wolf 
457, Luyten 789-6, and Mayall’s star. The total number of these 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 630. 

«Mt. W. Contr., Nos. 111, 1916; 136, 1917; 158, 1918; 182, 1920; 204, 1921; 237, 
1922}; 270, 1923; 290, 1925; 321, 1926; 356, 1028; 391, 1929; 435, 1931; 468, 1933; 506, 
1935} 553, 1936; 590, 1938. 
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very faint stars has now reached 21, and it seems worth while to give 
a complete list (see Table 2). Besides these 21 stars, 3 others are 
given by Luyten in Harvard Bulletin, No. 910; but for the parallaxes 
of these stars, as he has stated, ‘‘the accuracy is not as good as might 


TABLE 1 


Mt. 
Wil Relative No.| In 
Object a 1900 51900 |Pgm] son Ma Rel. | P.E.| of | stru- 
Parallax 
Spec Exp.| ment 
trum 
vM-W 34*..... obr0™248|+15° 21']15.7 |..... +0%014| +07131| 7 4] 16 | 100 
Radcl. 8, BL= 
Wolf 44...... © 55 8 |+60 50 }12.1 | M2 | + .078} +0.350] 6 4] 20] 60 
Ross 11... .| 1 33 36 |+54 59 |15.9 ].....| + .014] +0.578) 5 6) 16 60 
ROSS + .065| +1.099] 4 3} 18 60 
R088. 367. 53-48 + .018] +0.107] 5 4] 20 60 
Radcl. 10, 342..] 5 9 44 |+60 24 |15.4 ].....] + .021] +0.203] 5 6] 16 | 60 
Lal. 15743 AB. .| 7 58 50 |+12 35 | 8.7 | K2 | + .005] +0.109/I10 4} 18 60 
Radcl. 28, BL...| 8 36 33 |+44 51 |15.4 |..... + .045] —o.393] 6 4] 18 | 60 
Wolf 1438= Ross 
Wolf 424 AB. ..|12 28 25 |+ 9 34 |13.7 | M6e] + —1.737|17 4] 12 | 100 
WO 467... + .078] —o.442] 5 1| 16] 100 
BD+16° 2658= 
Ross 130.....{14 24 54 [+15 57 |12.4 | M3 | + .092] —1.034]11 3} 20 | 60 
vM-W 10*...../15 2 58 |+29 36 |14.1 |..... + .033| —o.291] 6 3] 18 60 
15 23 42 |+17 4 [14.7 + .034] —0.903] 7 5] 18 60 
e Herculis...... 16 56 28 |+31 4] 3.9f| Aot] + .o19] —0.045]16 2] 18 60 
Radcl. 61, 184. .|16 56 39 |+29 51 |13.0 |..... + .013] —o.416} 4 2] 18 60 
Wolf 834....... 18 11 17 |+20 29 |14.6 .| + .026] —o.463} 6 8} 18 60 
Wolf. 1273... . [13 + .087| +0.771] 8 1} 20] 100 
Wolf 918....... 21 3 43 |—13 40 |12.2 | M3 | + .079] +0.689} 7 1] 20 | 100 
Wolf 1336... .... 21 54 9 |— 4 33 {16.0 .| + .040] +0.022} g 18 100 
BD+20°5071.../21 59 40 |+20 34 | 8.8f} R3 | — .o10] +0.050} 5 1] 16 60 
Luyten 789-6... (22.33 0° 15. $2 + .328 2.228] g 12 | 100 
Mayall’s star. ..|23 45 48 |+19 24 |17.0 |.....] + .047} +0.866) 6 6) 20 | 100 
U Pegasi.......|23 52 52 |+15 24 |Var. | G3 | —0o.030| —0.040/ 9 1] 20} 60 


* Mt. W. Contr., No. 412, 1930. 


Visual magnitude. t Spectrum from Henry Draper Catalogue. 


have been hoped, as seeing conditions during the early morning 
hours are generally of low quality.’ Accordingly, they are not in- 
cluded in the present list. 

Six of the 21 stars are components of double stars. 

Wolf 457, according to Kuiper, is of spectral type O; it is thus the 
faintest of the white dwarfs known at present. 
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PLATE VI 


VARIABLE COMPANION OF LALANDE 21258 


Left, May 11, 1939, two exposures at an interval of 36"; Pg m=14.2 and 14.5. The single image 
above is from a comparison field. Right, a single exposure showing the variable at normal brightness, 
Pg m = 16.0. 
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Wolf 489, too, has a spectrum of much earlier type than would be 
expected from the absolute magnitude, but it is doubtful if a star of 
type K should be called a white dwarf. 

The companion of Lalande 21258 is at present the only star known 
of such low luminosity which has a variable magnitude. On more 


TABLE 2 


Mt. 
Object a 1900 6 1900 Pg m Wilson “ Parallax Pg. M 
Spectrum 
654 — 2° 44/1 14.5% |.....-. | +0%262 | +16.6* 
Boss 8 71+ 9011 | 14. M6 5.40 | + .163 | +15.3 
| 7130 | Mse | 4.84 | + .413 | +18.5 
ES). 21258 B:....... Ir o| +44 16.0 Mo6e 4.47 | + 
Wolf 424 A........ 12 28} + 9 34] 14.4} M6 f1.87 | + .208 | +16.0 
Wolf 424 B........ 12 28] + 9 34 | 14.4) (1.87 | + .208 | +16.0 
Wolf 457.......... 12:55 | + 4 21 15.6 Ot 1.05 | + .079 | +15.1 
43.39 | 4-331 K* 3-04 | -134 | 45.8 
aCentauriC...... 14 23 | —62 15 | 13.0 M 3.85 | + .752 | +17.4 
Barnard’s star.....| 17 53 | + 4 25] 11.5 5 | 10.40 .541 | 
18 44 | —23 57 | 12.4 M6 0.74 | + .355 | 15.1 
16.42) | 26.66.) 16.0. 1.34 | + .119 | +15.4 
bal 1050 | “20 36.) 16.5 0.92 | + .o61 | +15.4 
vM-W 112f....... 0.45 | + .034 | +15.1 
780-6. .....| 22 33 | 15.52 124.3 3.27 | + .330 | +16.9 
Ross 248...... ...| 23 37 | +43 39 | 13.8 Ms 1.82 | + .319 | +16.3 
vM-W r1of....... 23 38 | +0 22] 16.5 |....... 0.33 | + .056 | +15.2 
Mayall’s star...... 23 46 | +19 2 0.89 | +0.048 | +15.4 
* The asterisk indicates an uncertain value. 
t Mt. W. Contr., No. 412, 1930. t Spectrum by Dr. Kuiper. 


than two dozen exposures taken at Harvard and at Mount Wilson it 
is of about magnitude 16; but on two exposures taken by me on May 
II, 1939, with an interval of 36 minutes, it is of magnitudes 14.2 
and 14.5, respectively. The left part of Plate VI shows these two 
exposures, the arrows indicating the variable; the single image is a 
close double star in Selected Area 30 used as a companion field for 
the determination of the magnitude. To the right is one exposure on 
the star at its normal magnitude. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
February 1940 
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SPECTROSCOPIC LUMINOSITIES OF STARS 
OF TYPES G AND K IN TWO 
SELECTED FIELDS 


PHILIP C. KEENAN 


ABSTRACT 

Spectroscopic luminosities and revised spectral types were determined for stars 
brighter than the eighth visual magnitude having Henry Draper types Gs—Ks, in two 
fields—one in Cassiopeia (146 stars) and the other centered at the north galactic pole 
(120 stars). For this purpose the luminosity classes defined by Morgan were calibrated 
in terms of absolute magnitude by means of spectrograms of 235 bright stars of known 
trigonometric parallax. 

From the data for the Milky Way field the main course of the luminosity function 
for Ko stars in the vicinity of the sun was derived. The numbers of stars per unit 
volume increase steadily with luminosity class, in going from supergiants to dwarfs. 
The zero point of the function was furnished by the giants, for which a space density of 
8X 1075 stars per cubic parsec was found. 

A plot of the distribution in distance of the individual stars indicates the marked 
falling-off in numbers of stars in the higher luminosity groups in the direction of the 
galactic pole at distances greater than about 200 parsecs from the sun. 

It has been shown by W. W. Morgan! that by a careful selection 
of criteria involving estimated relative intensities of absorption lines 
it is possible to determine luminosities and spectral types from 
spectrograms of moderate scale (~ 100 A/mm) with a precision com- 
parable to that obtainable from high-dispersion plates. Thus the 
spectroscopic sampling of stellar populations can be extended to 
stars fainter than those within reach of spectrograph cameras de- 
signed for programs of accurate radial velocities. 

In the present investigation these criteria have been applied to 
the two-dimensional classification of stars with visual magnitudes 
brighter than 8.0 in two fields: one near the galactic plane in 
Cassiopeia and the other centered at the north galactic pole. These 
samples represent the relatively near-by stars extending, respective- 
ly, in directions within, and perpendicular to, the plane of the Milky 
Way. 

CRITERIA OF CLASSIFICATION 
Spectra of the majority of the northern stars brighter than the 


fifth visual magnitude have been taken by Morgan and his assist- 


A p. J., 85, 380, 1937; 87, 460, 1938. 
506 


omy 


SPECTROSCOPIC LUMINOSITIES 5°7 


ants, and the systems of classification used in the present study 
were established from this material. The system of spectral types is 
that defined in Morgan’s second paper," and the criteria employed 
are given in his Table 1. For the late G- and K-type stars the decisive 
factor in the classification is the strength of Ca 1 4226. 

The luminosity criteria are listed in Table 1. Several fainter lines 
have been added to those used by Morgan. Although the intensity 
ratios of these additional lines are not as sensitive to luminosity 
changes as 4045/4077 and 4260/4215, they were included in order to 
minimize the accidental errors from defects in the film, since the 
length of the exposure times limited the material to one or two good 
spectrograms for most of the field stars. 


TABLE 1 


LINE INTENSITY DIFFERENCES FOR LUMINOSITY CLASSIFICATION 


Spectral 4045 to 4071 to 4260 to 4352 to 4415, 4427to]| 4325 to 
H 4360, 4370 
Range 4077 5 4215 pe 4435, 4444 4290 
G4-Gog...... Vv Vv x x Vv 
Vv Vv Vv x Vv 
K2-Mo...... Vv Vv Vv Vv xX 


The lines which tend to strengthen in stars of high luminosity are 
given in the bottom row. Where several lines are listed together, the 
estimated average intensity for the group was used in forming the 
corresponding intensity difference. The lines employed within a 
given spectral range are checked, while those omitted are marked 
with a cross (X). The last pair of lines is not useful for types later 
than Ki because, from this point on, \ 4290 becomes rapidly 
stronger toward later spectral types. 

The procedure was to estimate intensities on a scale extending 
from 1 for the faintest perceptible line to 6 for a line of great strength, 
such as \ 4026 at K3. The scale was kept consistent by frequent in- 
tercomparison of spectrograms of the standard stars. For a given 
spectrogram the intensity sum was obtained by adding the individ- 
ual differences, of which there were four for types Gg and earlier and 
five for the later spectral divisions. 


ae 
— 
| 
7 


508 PHILIP C. KEENAN 


The intensity sum obtained in this way is a purely observational 
parameter characterizing the luminosity of the star—it can be con- 
sidered as a second dimension in the classification. However, the 
sums are estimated on an arbitrary scale, depending upon the ob- 
server and the dispersion of the spectrograph. By use of the standard 
stars they can be reduced either to absolute magnitudes or to the 
luminosity classes which were introduced by Morgan and are con- 
nected with the usual descriptions of luminosity in the following 
way: 


Description Luminosity Class (Ly) 
II 
IV 
Main-sequence dwarfs......... V 


Absolute magnitudes represent the most precise formulation of 
luminosities, but in practice it is desirable to tabulate also the 
luminosity classes. There are two reasons for this. First, as Morgan 
has pointed out,’ they are observational data obtained directly from 
the spectra, while the scale of spectroscopic absolute magnitudes is 
subject to revision as our direct determinations of distances of the 
standard stars are improved and extended. In the second place, the 
luminosity classes offer a convenient grouping for taking means in 
relating intensity sums to absolute magnitudes. It may be further 
noted that with the use of intermediate classes (e.g., I] III) they 
provide a scale with nine divisions, which is ample for much spectro- 
graphic work done with low dispersion. 

Spectrograms of 235 bright or near-by stars provide the data for 
the present calibration. For the great majority of these there were 
available two or more good spectrograms of each star. After a table 
had been prepared giving the mean intensity sum for each luminosity 
class and spectral type from G3 to Mo, the next step was the deter- 
mination of the corresponding mean absolute magnitudes. The re- 
duction was necessarily carried out somewhat differently for the sev- 
eral luminosity classes. 


2 Ibid., first paper, p. 389. 
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Class V.—This class represents precisely the main sequence. Mor- 
gan has found that his spectral types for dwarfs between G4 and K2 
agree closely with those assigned at Mount Wilson. Consequently, 
to the rather small numbers of dwarfs within this range of types 
which were photographed here were added all stars listed in the 
Mount Wilson parallax catalogue’ whose trigonometric parallaxes 
were large enough to assure membership in the class. The trigo- 
nometric absolute magnitudes were weighted inversely as the rela- 
tive errors in the parallax, in order to eliminate distortion of the 
mean due to the larger effect of negative errors in the parallaxes, and 
the averages were taken for each spectral type separately. The 
means for types K2~-Mo were based upon only a few stars bright 
enough to be photographed here, but the dispersion in luminosity of 
the main sequence is known to be small in this range.‘ 

Class III.—In calibrating the giants, it was necessary to work 
directly with the trigonometric parallaxes rather than with absolute 
magnitudes, because of the presence of negative parallaxes. The pro- 
cedure was similar to that followed by Russell,’ in that the observed 
parallax, p, of each star was reduced to the parallax p’ which the star 
would have if its apparent magnitude were an arbitrarily fixed con- 
stant—in this case, 4.0. The means were taken for the groupings of 
spectral types shown in Table 2. In the third column are given the 
averages which were obtained by weighting each reduced parallax 
inversely as the square of its probable error derived from the value 
given in the Yale catalogue. There are two objections to this pro- 
cedure. In the first place, if the true dispersion is a considerable 
fraction of the parallaxes and is comparable to their accidental mean 
error, the absolutely brighter stars will be systematically favored. 
In the second place, if one or two stars have much larger weights 
than the remainder in the same group, the number of stars is effec- 
tively reduced, and the sampling errors may become large. To test for 
the presence of these effects, unweighted means were formed and are 
tabulated in the fourth column. The considerable differences be- 
tween the two means are not systematic and are evidently due to the 


3 Ap. J., 81, 187, 1935. 
4Cf. Morgan, Ap. J., 87, 589, 1938. 5 Ap. J., 87, 389, 1938. 
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sampling effect in the weighted parallaxes. In almost every case the 
larger differences can be traced to the presence of one or two very 
high weights, as at K1, where Arcturus, with a reduced parallax of 
o”o151, has nearly as much weight as the other 21 stars together. 

Some weighting is desirable, and as a compromise the simple 
means of the values in the two columns were taken as the adopted 
mean parallax in the fifth column. The corresponding absolute mag- 
nitudes were plotted against spectral types, and the final values of 
M7? in the sixth column were read from a smooth curve passing 


TABLE 2 


CALIBRATION OF CLASS III 


Mean Mean 
wt Parallax Parallax 
6 o”0160 0"0207 
21 .0230 .0220 
26 .O199 .0185 
.0184 .O196 
19 .0128 .O17 
16 ©.0122 0.0100 


Adopted 
Mean 
Parallax 


o"0184 
.o189 
.0225 
0193 
.O190 
.O159 


+033 
.40 


M = M7 + 5(log — log x’). 


through the points. The desired mean absolute magnitude M is re- 
lated to My? by 


The reduction factor was determined from the estimated true dis- 


weighted means, the numerical values found were 


= 


yielding M = Mp — 0.15. 


= 0.0138, 


= 0.0070, 


persion o; of the parallaxes.° If o, is the accidental mean error of the 
parallax determinations and ¢@ is the total dispersion of the un- 


The minimum in mean absolute magnitude near type Gg is in 


agreement with the general run of the luminosities of giants derived 


6 For the derivation of convenient formulae for the reduction see R. E. Wilson, 
Ap. J., 90, 360, 1939. 
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by Russell’ from all available trigonometric parallaxes, although he 
did not find such a rapid rise in brightness for the late K’s. The ab- 
solute values are about the same as those generally assigned to the 
giants, even though class III represents a narrower range of luminosi- 
ties. 

Classes IIT and IV.—These were treated in the same way as class 
III, with the exception that the small numbers of stars included 
made it necessary to take the means for all spectral types together. 
For the late K stars the values for classes II and I-III were raised 
slightly to keep pace with the increasing luminosity of the stars of 
class IIT. 

Class I.—Since the supergiants are too remote to be reached by 
trigonometric parallaxes, it is necessary to fall back upon other 
methods of estimating their distances. The few direct determina- 
tions, mostly from the magnitudes of the companions to supergiants 
in binary systerns, are listed below:* 


Fs —4™4 In the Perseus 
cluster 

7 4:2 

K5 —4.0 | From diffuse 
nebulosity 


Distance can also be estimated by a comparison of the star’s 
radial velocity with the differential effect of galactic rotation, though 
the method is not as satisfactory for late types as for type B, since 
the data are sparse and the peculiar velocities are known to increase 
toward later spectral types. However, Greenstein’ has recently been 
able to make a preliminary reduction of the velocities of 49 stars of 
types A8-M, finding M = —4.4 with a mean error of about 1 mag. 

The general agreement of the results suggests the adoption of 
—4™5 for supergiants of all types later than Fo. This value is con- 
sistent with the trigonometric absolute magnitudes for the stars of 
class II but is naturally subject to considerable uncertainty. 

7 Op. cit., Table 4 on p. 411. 

8 This list is due to Morgan; see Ap. J., 87, 466, 1938. 

9 Proc. Nat. Acad. Sci., 26, 253, 1940. 
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The complete calibration table for converting luminosity classes 
to absolute magnitudes is given in Table 3. The absolute magnitudes 
are means for stars brighter than a given apparent magnitude and, 
since the field stars are selected in the same way, the table can be 
applied as it stands. 

TABLE 3 
REDUCTION OF LUMINOSITY CLASSES TO ABSOLUTE MAGNITUDES 


| 
} No. 
Class | G3 | G4 | Gs | G6 | G7 | G8 | Go | Ko | Kr | K2 | K3 | K4 | Ks | K6! Mo of 

Stars 

| 40 
II 2. 2.2 —2.3/—-2.4 28 7 
IJ-III . —o.8 —0o.8 —0.8—0.8 —0.8—0.8—0.8—0.8—-0.8 —0.9—1.0-1.1—1.2 —1.8 II 
III —1.2 | 142 
10 
IV 
116 


ACCURACY OF THE DATA 


The mean error of an estimate from a single spectrogram is about 
+1.3 tenths of a spectral class between Gr and Gg and +0.4 be- 
tween Ko and Ks. The uncertainty of the absolute magnitudes va- 
ries somewhat with position in the reduction table, but, except for 
supergiants, the mean error of an estimate from one satisfactory 
spectrogram probably does not exceed +0™8. 


OBSERVATIONAL DATA 


The observing program was planned to include about 140 stars 
near the plane of the Milky Way and a similar number in the direc- 
tion of the galactic pole. The limit of apparent visual magnitude 
was set at 8.0 by the exposure times for the Bruce one-prism spec- 
trograph on the Yerkes 4o-inch telescope. With the Moffitt camera, 
giving a scale of 110 A/mm at Hy, exposures of roughly 15 hours 
were necessary on Agfa Super Plenachrome Press films for late K- 
type stars of the limiting magnitude, but the average exposure time 
for the program stars was of the order of half a hour. 

The areas covered are specified in Table 4, the equatorial co- 
ordinates referring to 1900. In Cassiopeia the fields extend from 
o° to —12° in galactic latitude and from 75° to 100° in galactic longi- 
tude. They were so chosen in order to avoid the conspicuous dark 
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absorbing clouds lying along the northern edge of the Milky Way in 
this constellation. At the galactic pole the fields were arranged to 
avoid the cluster in Coma Berenices. 

The stars placed on the program were all those brighter than the 
eighth magnitude lying within these areas and having spectral types 
between G5 and K5, inclusive, in the Henry Draper Catalogue. Since 
the Draper Catalogue lists practically all stars brighter than m, = 
8.25, completeness of the sample at type Ko was assured. 


TABLE 4 
THE FIELDS OF OBSERVATION 


GALACTIC PoLe 


(AREA, sor Sq. DEG.) 


GALACTIC PLANE 
(AREA, 237.5 SQ. DEG.) 


Field Limits ina Limits in 6 Field Limits in a Limits in 6 


1....| o%o5™to +59°30'! 1 11°92™to 12%92™|-+ 29°45’ to +30°45" 
Ge 5100 to 6100) 2...| 12 02 to13 02 29 45 to 39045 
3 23 02 too 05 4815 to 5815|| 3...] 12 32 to13 32 19 46 to 29 36 

| 4...| 13 02 to14 02 29 45 to 3945 


Altogether, 432 satisfactory spectrograms were taken and used in 
the classification of 278 stars. The slit width was kept constant for 
stars of all brightnesses; and, as far as possible, the spectrograms 
were treated uniformly in order to avoid systematic effects in the 
classification. 


CLASSIFICATION OF THE SPECTRA 


The procedure of classification was to assign first the spectral type 
of the star by direct comparison with an extensive set of spectro- 
grams of standard stars. The luminosity differences were then esti- 
mated, and the sum was taken. Since all the spectrograms of the 
stars in both fields had previously been mixed together, the order of 
selection was entirely at random, and usually the identity of the 
star being classified was not noted until after the intensity estimates 
had been made. Later the results from duplicate spectrograms were 
combined, and means were taken after a careful comparison of the 
films. 

After the intensity sums had been reduced to luminosity classes 
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and absolute magnitudes, distances were computed from the ap- 
parent magnitudes of the stars, allowing for interstellar absorption. 

The correction for absorption was derived primarily from the 
photoelectric colors of B stars given in the most recent list of Steb- 
bins, Huffer, and Whitford.’’ Fifty of the stars in their catalogue lie 
within our Cassiopeia field. The material was divided into two 
groups according to whether the galactic latitude was greater or less 
than 5°, and for each group the total visual absorption (taken as 
6#,, where E, is the color excess on the photoelectric scale) was 
plotted against distance. In view of the large scatter of the points 
the variation of absorption with distance was estimated by forming 
normal points and by drawing the best smooth curve through them. 

An independent check on the absorption was furnished by 11 of 
the field stars for which color indices on the International System 
had been measured here on Tikhoff plates with a mean error of about 
+o™o5. The excesses over the normal colors for corresponding spec- 
tral classes and luminosities were multiplied by 4 to give total visual 
absorptions and were plotted against distances, which were all be- 
tween 300 and 500 parsecs. For ) >5° the straight line through the 
mean of the points indicated a visual absorption of o™54 in the first 
thousand parsecs, in satisfactory agreement with the value of 0.48 
mag/kpsc derived from the photoelectric colors, considering the low 
weight of each determination. 

On the assumption that the absorbing material is concentrated 
near the galactic plane, the correction curve for the galactic-pole 
field was drawn to start with the same slope for the first 100 parsecs 
as in the galactic plane and then to approach a limit of o™2 at 500 
parsecs."' 

The adopted corrections are shown in Table 5. That the size of 
the corrections in the Cassiopeia region is reasonable is suggested by 
Bok’s discussion” of the absorption in the neighborhood of Selected 
Area 18, which lies within our field. His density analyses in this 
vicinity were carried out on the assumption that the rate of 
photographic absorption was either 0.5 or 1.0 mag/kpsc. It should 

10 Ap. J., 91, 20, 1940. 

See, e.g., Stebbins, Huffer, and Whitford, Ap. J., 90, 209, 1939. 

12 Ap. J., 90, 249, 1939. 
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be further noted that there appear to be patches of greater absorp- 
tion along the northern part of this field, but it did not appear 
feasible to correct for them. Their effect will be to make the com- 
puted star densities slightly too low. 

The catalogues of spectral types and luminosities for the two 
regions follow in Tables 6 and 7. In each table the columns are ar- 
ranged in the following order: the number of the star in the Henry 
Draper Catalogue, the equatorial co-ordinates for 1900, the galactic 
latitude from the Lund tables, the apparent visual magnitude, the 
Henry Draper spectral type, the revised spectral type, the luminos- 


TABLE 5 
TOTAL VISUAL ABSORPTION IN MAGNITUDES 


CASSIOPEIA 

DISTANCE GALACTIC 

(PARSECS) PoLe 
(b>5°) (b<5°) 

16 0.2 .14 
0.80 .20 


ity class, the visual absolute magnitude, and the distance in parsecs. 
The last column contains additional identifications, Mount Wilson 
spectroscopic absolute magnitudes and spectral types of those stars 
for which such data are available, and trigonometric absolute mag- 
nitudes for a few of the nearer stars. For a small number of stars 
which were found, on classification, to lie outside the range of types 
to be studied, only the spectral type is given. Several others from 
the original observing-list have been omitted because they were 
found to be definitely fainter than the eighth magnitude. 

Not quite all the stars on the program were observed. In 
Cassiopeia, 146 stars were classified out of a total of 165, and at the 
galactic pole 120 out of 139 were taken. Since care was taken to see 
that the stars left out were not systematically concentrated with 
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ARS IN THE NORTH-GALACTIC-POLE FIELD 


HD 

Star 
96499 
96077 
96778 
96921 
97287 


98812 

99504 

99720 
100149 
100204 
100235 
100338 
100470 
IOIISI 
101178 
IOI501 


101855 
102190 
102493 
102686 
102909 
102941 
103095 


103520 
103084 
104017 
104075 
104435 


104862 
105341 
105424 
105580 
100305 


1060760 
107341 
107485 
1074860 
107634 
108078 


108174 
108225 


108299 
109305 
109317 


109345 


a 


4 
COUNT H 


Qn onsen Ons DHS 
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Dia 
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+37° 19’ 
36 


6 1900 


35 
O4 
20 
19 
22 
59 
38 


oun 


ww 
oo 
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otc 
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UN ON WOO 


nw 


w 


on™ 
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NuNN™N 


v UMa, MW 
—o.1, K3 


Groombridge 
1830, Murig 
+600, MW 
+0. 3, Gs 


3613, Merig 
+3.3 MW 
to.5, Kr 


3671, MW 


t 

> 

- x 

i 
= 
LAF 
=, = 


Can Ven, Mtrig 
+2.5, MW 
+o 9, G4 


Hydrogen lines 
rather strong 

S 37900, MW 
+o.6, G7 


3 
TABLE 6 
d 
secs 
+67° | 8mo | Kz | Ko IV | 77 
68 30 | Ko | G8: +o 230 
a ° 3 69 .18 | Gs | G5 il +1 170 
° 33 69 26 | Ko] Kr III-IV | +2 
: 37 68 56 | Gs Ko Ill +o 280 
97322 69 17 | Ko] Kr IV 60 
97371 36 69 9 Ko Ill 460 
a : 97438 ° 33 69 6.75 | Ko Kr Hit: +o 180 
98262 33 70 | Ko] K3 69 
> 
Bec 98317 36.02 | 70 225 
98397 | 38 310 
08500. soso] 71 | 
es 98740... 35 53 71 379 
35 34 71 390 
33 41 | 72 290 
5 
31 3r | 74 440 
30 48 74 290 
30 47 72 165 
| 34 35 150 
Pee | 37 23 | 180 S 3509 
3402 
39 45 440: 
34 40 61 UMa, Murig 
+s.6, MW 
Wem 32 10 6.84] Ko| Ko—| III | 280 
31 02 80 Ko Ko Ill ° 370 | 
33 02 8.0 Ks | K2 400 
“4 30 03 7.56 | Ko] Go IV +3 80 
ee 34 10 7.20 Ko Kr I —4 1990 
37 23 7.8 Ko Kr ° 330 
. 38 26 6.46 | Gs | G7p \ +5.6 10 
39 19 
5 
38 26 
33. 43 200 
30 30 ago | 
3607 | 78 |7.52| Ko] Kt | +o.2 | 270 
12 | 30 58 80 Ks | Ks: 370: 
30 49 81 7.78 K2 Mo —o.8 480 
} 3001 82 7.81 Ko Kt lil —o 420 
| 33 20 81 6.78 | Ko | Ko +0 180 5 
33 37 82 5.4 Ko | Ko III: +1.0 76 ' 
4 
= 15.4] 38 28| 78 | 6.67] Ko| Ko Hl 0.0 | 200 
16.2] 38 78 40 | Kr II 1100 
16.2| 35 81 17 | Kr III-IV | +1 135 
3 47.11 33 81 9 Ko Go Il I +o 290 
a 19.9} 31 85 66 | Ko] Ko I\ +2 105 
20.5) 38 78 64 | Kt III +o 260 
20.9] 39 78 22 | Ko | Go Ill ° 110 | 6 
37 80 | 8.0 Ko | K3 III 390 
28.6} 38 I 79 6.72 Ko Kr 2 225 | 
28.71 33 48 83 5.43 | Ko | Ko | +1.5 60 
28.9/+33 57 |+83 | 6.37 | Ko] Kr+ 0.0 175 
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109049 
I1O1Q4 
110501 
110788 
110883 
110987 
110988 
111254 
111255 
111285 
111318 
111300 
111395 


111483 
111628 
112127 
112234 
112353 
112973 
112989 


113021 
113004 
113170 
113320 
113380 
113510 
113771 
113990 


114037 
114092 
114093 
114637 
114724 
114744 
114819 
114970 
115250 
115927 
115g08 


116204 
116232 
116237 
116288 
117203 
117555 
117730 
117876 
117893 
117981 
118234 
118290 
118670 
119035 
120048 
1201604 


120245 
120304 


a 1900 


I 2h3 


+OnN 


NO, ONO 


Lum. 

6 1900 b my Sp. Sp Cie My 

+32°33'|+85° | 7™46 | K2 | K3 Ill 
34 42 83 7.52 K2 Ky Ill +1.0 
34 14 84 6.62 | Ko | Ko +3.3 
28 32 89 8.0 Ko | Go III-IV | +1.5 
27 $7 go 7.53 | Ko] Ka II 0.0 
38 55 70 8.0 Ko F 
34 06 84 7.52 | Gs | Ko ILI-IV +15 
23 16 85 7.8 K2]| K2 
22 11 84 7.8 Ko | K2 Ill 0.0 
24 39 86 7.3% Gs5 G6 Ill +1.0 
30 56 87 7.74 | Ko} G8 I\ +3.5 
30 53 81 8 K2 K3: Ill —0O.5: 
25 24 87 6.39 | Gs | Kr IV +3.3 
35 52 82 7.90 Ko | K3 Ill —o.r 
26 58 88 6.89 | Ko | Ko 11 +1.0 
23 24 85 6.46 | Ko} Kr III-1V | +1.5 
360 15 82 8.0 | Mo Ill —0.5 
27 19 | 88 7.10 | | Ki IlI-IV | +1.0 
20 10 82 669 | Ko] Ki III +0.2 
32 32 85 6.93 | Gs | Ki Ill —0.5 
35 27 82 7.72 | Gs | Kr Il —0.5 
31 20 85 5.08 | Ko | Gop: | II-III: | —1.0: 
32 18 85 6.72 | Gs | G6 Ill +0.2 
24 51 85 7.86 | Ko] Kr Ill +o.2 
21 48 83 7.20 Ky: —o.6: 
23 30 84 7.99 | Ko | Ko III-IV | +1.0 
23 44 84 7.54 | Ko | Kz Ill 0.0 
22 25 7.70 | G5 F 
27 07 85 Ko | Kr Ill —o 
28 85 4.90 Ky Ill —o.6 
27 03 85 7.60 | Ko] Ka: Ill —o.4 
28 04 85 6 40 | —0.4 
25 21 84 6 90 Ko Go 
22 28 82 6.83 | Gs | Gy II-III | —1.0 
24 48 83 6 46 Ko Ki Ill +O.2 
37 27 8o Ko F8 
20 28 80 7.42 | Ko] Ka —0.5 
30 20 83 7.9 Ko | Ko lil —0.5 
29 17 83 7.36 Ko | Ki 
30 54 7% 7 68 Gs Ko II-I1l 
38 42 77 7 gl! Ko | G6 IV 3.3 
39 25 76 7.22 | K2} Kr- II 0.0 
26 31 82 7.72. | Ko | G7 2.0 
30 40 81 6.92 | Ko | K2+ Ill ome) 
21 14 79 7.56 | Ko] K3 IE-lT] | —1.5 
26 04 81 7.38 | Ko] G8 IV +4.0 
31 39 80 7.32 K2 K4 III —0o.6 
24 44 79 7.96 | Gs | G5 III +0.5 
27 08 7.83 <5 | Mr: 
24 52 79 6.18 | Gs Ko: Ill +0. 4: 
31 16 79 7.54 | Kt +0.2 
34 10 78 680] Ko] Ki —0.4 
21 19 77 80 Ko | Go IlI-IV | +1.0 
35 30 77 7.8 Ko | G7: Ill: 0.0: 
23 02 77 7.05 | Gs | Kt IV +2.5 
48 35 77 6.08 | Gs | G5 Il —2.0: 
35 10 75 7.52 | Gs | Go Ill ours) 
39 00 73 600] Ko} Ki —1.0 
39 03 73 5.57 | Ko | Ko ITI-IV | +1.5 
38 23 73 7.10 | K2 | Ko Ill +o.4 

+30 21 |+76 80 Ko | Ko Ill 


Re 1arks 


S 3864, Merig 
+41, MW 
+4.9, G6 


37 Comae, hy- 
drogen lines 
strong, Mtrig 
+1.1:, MW 
+o.1, Go 


41 Comae, MW 


+0.2, Ks 


S 4007, M wig 
+4.9 


Weak lines 


S 4068 


S 41290, MW 
+o. 6, Go 


= 
| 
ota 
secs) 
350 
35 190 
39 190 
40 290 
40 bard 
40 155 
42 330 
42 330 
43 180 
43 79 
43 400: 
43 42 
44 370 
44 150 
45 96 
45 460 
49 160 
50 180 
51 280 
| 55 410 
55 160: 
55 190 Ar 
| 56 310 
56 330: 
57 230 7 
58 fete) 
3 
13 00 420 
02 125 
o2 370 
C3 220 
03 220 
06 340 
07 170 
07 
08 350 
09 440 
10 330 
15 480 
17.0 | 260 
17.2 135 
17 6 220 
17 6 570 
19 47 
23 320 
20 200 
27 4 
28 140: | 
28 280 Boe 
28 250 
30 230 
30 340: 
33 80 
35 390: 
300 
42 230 
430 210 
| | 43.9 37° 
| | | | | | 
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a 1g00] 5 1900 b my Sp. M y (Par- Remarks 
secs) 

120420... |13544™2}+31°41’ |+76° | 5™81 | Ko | Ko il —o™5 175 S 4130, MW 

+1.0, G7 
120531... 44.9] 31 12 75 7.8 Ko | Ko IV +4.0 58 
120819... 460.7] 35 10 74 6.00 | Ma | Mo Ill —1.2 260 
120033 47.4] 3457 | 74 | 4.06 | Ma III —o 8 140 
12%212.. 49.0] 34 17 74 7.20 | Ko | Ky Ill —0.4 310 
121934 53-5] 33 05 74 7.9 Ko | Ko Ill 440 
122320... 56.2] 39 31 70 6.70 | K2 | K3— | III-IV {| +1.5 110 
122450 56.9] 32 02 73 7.06 | Ko | Ky [il —o 8 350 
122517 57.3] 36 43 72 7.50 | Ko | G7 I\ +2.0 120 
122968... 59.9| 37 SI 71 8.0 Ko | G7: I\ +3.3 86: 
123351...|14 02.0]/+31 20 |+72 7.58 | Ko | Kr: lil —0.5 390 


respect to either spectral type or apparent magnitude, the densities 
computed in the next section could be corrected by multiplying by 
the appropriate factor for completeness. 


LUMINOSITY FUNCTION AND DISTRIBUTION 
OF THE STARS IN SPACE 

The luminosity-spectrum diagrams for the two regions are shown 
in Figure 1. All the stars classified between types G3 and Mo are 
included; however, the material is essentially complete only for the 
range G7-K2. Among the stars later than K2, none was classified as 
a subgiant; this was true also of the calibration stars. 

The distribution in distance of the individual stars is represented 
in Figure 2, in which distance from the sun is given by the vertical 
co-ordinate. In the horizontal direction the points are plotted at 
random between parabolas of the form « = ay’, so that equal incre- 
ments of volume in space are represented by equal areas in the 
figure. There was no room in the drawing to show the continuation 
of the bounds beyond 500 or 600 parsecs distance, but they should 
extend to infinity. For the first 100 parsecs they were replaced by 
straight lines in order to leave enough space to show the nearest 
observed stars. 

In such a diagram uniform space density of stars would appear as 
uniform areal density of the plotted points; and since the two figures 
are drawn to the same scale, they may be compared directly. The 
limits of completeness for the different luminosity classes are defined 
as the distance of a star of the eighth apparent magnitude having 
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TABLE 7 
CATALOGUE OF STARS IN THE CASSIOPEIA FIELD 
a 1900 | 5 1900 b my Sp My (Par- Remarks 
secs) 
37... |00 00™3]+49°58’ | —12°} 8™07 Ko Ko II-III | —o™6 490 
58 00.4] 52 37 9 | 7.30 Ko Kr Ill +o.2 250 
71 00.5] 55 09 re Ko Ko II-III | —1.0 360 
185 o1.6| 53 57 8 | 8.0 Ko Ko Ill +c.4 300 
509 04.5] SI 28 10 | 8.0 Ko Ko III 0.0 370 
516 04.6] 50 52 11 | 8.0 Ko Ki: Ill —0.2 400 
638 05.6] 56 25 Ko Ki lil +0.2 280 
663 05.8] 57 04 5 | 6.71 Ko K1i Ill —0.2 220 
697 06.3) 59 13 2 | 8.0 G5 Ko II —2.0 750 
871 08.0] 51 17 10 | 8.0 ks K3 Ill —o.I 380 
936 08.7| 59 27 2 | 7.05 Ko Ko Il —1.5 410 
973 09.0] 54 43 9.92 K2 K2: Ill —0.5 400 
1044 09.7} 53 31 St 3285 G5 G8 II —2.0 750 Hydrogen lines 
strong 
1071 09.9] 53 | 7-91 Ko Ki+ III +o.1 340 
1427 13.3] 52 23 9 |7.9 Ko K3+ III +o.8 240 
1536 14.5] 55 10 7 | 7.91 K2 K3 II —1.0 490 
1598 15.2] 5600 6 | 6.79 Gs Gt 
1811 17.4] $4 05 8 | 7.30 Gs G8 I-II —3.5 | Weak lines 
| 1951 18.7] 56 33 gs | 7.9 K2 K2 III-IV| +2.0 135 
| 2112 20.3] 54 27 7 | 6.92 K2 K3 II —3.0 810 Fi 
2152 20.6} 54 56 7 7-32 Ko Kr II 590 
2506 23.7) 58°55 G5 G8 +1.0 210 
2701 25.5] 55 09 7 | 6.78 Gs K2 II-III | —o.8 290 a 
2774 26.2] 52 17 9 | 5.69 Ko Kr +1.0 86 S 128, MW 
+o0.3, K2 
2824 26.6] 55 27 6| 7.41 Ko Kr +0.5 230 x 
2825 26.6] 53 16 9 | 7-05 K2 Ky II-III | —1.0 380 oe 
2826 26.6 2 28 9 | 7.8 K2 Ko +0.4 280 
29Cc0 27.21 54 43 7 | 8.0 Ko Go Ill 0.0 370 
2901. 27.21 53 34 8 | 7.10 K2 K2p Ill 0.0 250 4215 weak 
2952 27.7| 54 22 8 | 6.14 Ko ° Ill +0.4 135 ae 
3027 28.51 54 23 8 | 8.0 Ko Ko III 0.0 370 
250 30.6] 56 45 5 | 7.60 K2 Ko Ill +0.4 250 a 
| 3345 31.31 §4 25 8 | 7.26 K2 K4 III -—0.8 370 = 
3368 717.8 K2 G6 III 0.0 340 
3409 31.9] 58 37 3 | 8.0 Ko Ko Ill +0.4 290 f 
3081... 34.5] 58 54 Ko Kr Ill +0.2 220 
| 3712.. 34.8) 55 50 6 | 2.47 Ko Kr II-III | —o.8 45 a Cass, Mtrig 
| —2.3, MW 
| —o.4, G7 
3033.. 36.8] 58 o1 417.9 Ko Gs III +0.4 280 
4029 37.7] 55 590 617.8 Ko Go Ill +0.4 270 
4285 40.2] 54 07 8 | 8.0 K2 K2-— Ill =—¢.5 45° 
4362 40.9] 50 02 6.49 Gs Fo MW -—1.7, cFo 
5234 49.0} 58 26 4 | 4.95 Ko K2— | II-III | —1.o | 140 | ut Cass, MW 
+o.1, K2 
5258 49.2] 56 44 5 | 7-90] Ks 5 III: | —o.8:] 440 
5395 50.7| 58 38 3 | 4.83 Ko G7 III-IV| +2.0 37 v? Cass, M trig 
+2.8, MW 
+2.6, G4 
5430 51.0] 56 57 ie Ko Ki Ill +0.5 270 
5477 51.5} 52 46 9 | 7-95 Ko K2 III +0.5 290 : 
5747 54.0] 590 59 2 | 7.16 Gs Go III +1.0 150: | S 284, MW 
+o.3, G8 
5981 56.1] 55 48 6 | 6.93 Ko Ko I] 0.0 210 
6027 56.5] 58 45 3 17.7 K2 K3 III-IV | +1.5 160 
6098 57.2| 58 34 3 | 8.0 Ko Ill —0.5 430 
6147 57.5] 58 23 4 | 7.03 Ks K4 Ill —0.6 | 290 
6211 58.1] 515 10 | 6.27 K2 K3 Ill +0.5 140 
6238 58.3] 56 35 Ko Go II! 0.0 240 
6407 01 00.9] 56 24 5 | 6.58 Ko Kr: [II-IV | +0.8 140 
6540 o1r.2| 52 58 9 | 6.49 Ko K2 Ill —0o.5 230 
6582 o1.6} 54 26 7 | 5.26 Gs Gs 5.3 10 uw Cass, Meri 
+5.8, MW 
: +5.4, G4 
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TABLE 7—Continued 


HD 
Star 


6810 


7416 
7444 
75°97 
76060 
8365 
8372 
8397 
8654 
8784 
89290 
8992 


9022... 
Q154. 


9352 


9354 
9306 


9408 


9635 
9839 
ggoo 


1o181 
10332 


10437. 


10498 
10680 
10806 
11103 
T1544 
11555 
11658 
11716 
11773 
11922 
11996 
218416 


218766 


218803 
219015 
219134 


219135 
219599 
219901 
220241 
220274 
220370 
220383 
220444 
220639 
2206053 
220747 
220806 
221023 
221124 
221168 
221203 
221240 
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Remarks 


S 357, MW 
+1.4, Ko 


S 453, MW 
—2.0, 


Strong hydrogen 
lines 

x Cass, Merig 
+1.3, MW 
+o.9, G6 


S 476, MW 
—o.9, Gg 


S 500, MW, 


—o 2, Ki 


Ss 7259, M wig 
+6.5, MW 
+6.6, Ks 
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d 
ay HD Lum. 
Sp. Sp. Class 
secs) 
+52°20! |—10° 7m8 Ko G8 Ill o™o 340 
eee 54 13 8 Ko Kr lll —o.4 | 290 
ae 590 58 2 Ko Ko Ill °.0 340° 
°9 59 59 2 220 | 
51 12 I I 300 
10 55 58 6 360 
II 56 06 6 160 
17 §3 50 |..-- 
ee 17 58 25 3 240 
.| 18M) s6 40) 5 380 
20 52 30 9 260 
21 37 10 260 
22 51 10 | 10 110 
23 59 10 2 300 
as 25 60 51 I 710 
a... 27 57 49 4 goo 
27 55 18 6 | 31 Ko G8: EE: —2.45:}| 630: 
a7. 54 26 7 17 Ks K3p —4.5 | 1550 
| 
a... 27m) 58 44 3 | 4.88 Ko Ko Ill 0.0 93 
 20.g] 51 39 400 
54 33 690 
33-9] 53 22 250 
34. 53 04 430 
36.p) 59 08 250 
37.) stor] 1 300 
39 59 14 570 
40 57 32 600 
es 44 50 17 140 
48 56 05 |.. 
ae 48 53 41 370 
49 51 83 
ae . 49 60 45 440 
a 50 51 59 300 
-| 52.) 52 35 400 
a 52 59 31 420 
.|23 02 52 17 180 
05 49 27 230 
25 56 55 58 
08 56 00 |.. Gs F8 I 
50 07 430 
14 54 00 49° 
oa 17 5° 44 450 
{eee 17 48 15 190 
ae 18 53 41 330 
ers 18 50 30 400 
18 51 33 
Cia 20 54 33 370 
20 55 35 350 
21 52 37 430° 
ee 23 5° 49 310 
24 53 07 240 
24 54 30 300: 
= 24 48 34 310 
25 36 2 230 
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TABLE 7—Continued 


d 
a 1900! 6 1900 b my My (Par- Remarks 
secs) 
221378 23526™6|+48° 58’ |—10°| 7™47 Ko Kr III +om2 260 
221538 27.9] 53 7 | 7.02 Ko G6 III +o.2 220 
221587 28.2} 49 48 11 | 8.0 Ko Kr- III 0.0 370 
221625 28.6] 56 52 4 | 7-40 Gs G6 Ill +0.6 210 
221863 30.6] 51 44 9 | 7.02 Ko Ko Ill 0.0 230 
221913 31.0] 50 43 Io | 7.22 Ma Mo Ill +1.0 170 
222077 32.4] 55 20 © 1-39-83 K5 III 430 
222154 316 8 | 7.9 Mo Ill —1.2 580 
222218 33.6] 58 06 317.22 Ko Go III —0.5 290: 
222265 34.0] 53 53 7 | 7-49 Ko Go Ill +0.4 | 240 
222490 36.0} 5200 9 | 7.56 Gs Go III +0.4 250 
222618 37.11 56 43 4 | 6.33 Gs Kr— Ill —0.5 210 
222748 38.2] 5SI 23 9 | 6.60 Ko Ko Ill 0.0 200 
222887 30.5] 54 39 6 | 7.31 K2 K3 III —0.5 | 330 
223046... 41.1] 5007 11 | 7.62 Ko Go Ill +0.4 260 
223105 42.1] 58 06 3 | 5.09 Ko Kr Ill +o.2 90 7 Cass, MW 
+0.7, Go 
223173 42.2] 56 54 4]5.78 Ko K3 II-III | —o.8 185 S 7430, MW 
3 
223298 43.3| 49 190 11 | 7.9 Ko Go II-III | —o.8 500 
223321 43.5] 54 09 717.8 Ko K4 III: —0.4:]| 400: 
223457 44.6] 55 05 617.901 Ko Go Ill —0.5 410 
223615 46.0] 50 51 10 | 7.9 Ko: Go Ill 0.0 350 
223626 40.1] 50 47 10 | 8.0 K2 Kr III-IV| +1.5 190 
223734 47.1] 40 33 1217.64 Ko K2 Ill —0.5 380 
223910... 48.5] 505 10 | 6.97 Ko Ko III +0.4 200 
223969 49.0] 55 56 5 | 7.48 K2 K4 Ill —o.8 400 
224140 50.4] 48 23 13 | 8.0 K2 K2 Ill 0.0 370 
224152 50.5] 52 11 9 | 6.77 Ko K2 III —0.5 260 S 7474, MW 
+0o.4, K3 
224320 8] 5§5 17 6 | 7.01 Ko G8 II —2.0 530 
224405 53.1] 490 53 1r | 6.83 Gs Gs IV +3.5 46 S 7488, MW 
+4.6, G2 
224541 53.7| 52 50 O17:-74 Ko Kr Ill +0.2 300 
224612 54.2] 49 58 rr | 7.37 Gs Gs Ill —0.5 350 
224870 56.3| 49 25 12 | 6.36 Ko G7 II-III | -—o 8 250 
22490608 57.1] 49 13 12 | 7.94 Gs Ko III —0.5 450 
225172 50 . +49 19 |—12 | 7.44 Ko Ko Ill +0.4 240 


the faintest absolute magnitude included in the given class. Most of 
the stars in the class will have higher luminosities, and consequently 
a considerable proportion of those observed lie beyond the limit of 
completeness. The effect of absorption is apparent in the differences 
in these limits for the two regions. 

Although the range of penetration into space is not sufficient to 
permit density gradients to be derived, comparison of the two figures 
brings out strikingly the galactic concentration of at least the more 
luminous stars. Out to about 200 parsecs the giants appear equally 
numerous in the two directions, but beyond this point they begin to 
thin out toward the galactic pole. More conspicuous are the dif- 
ferences for stars of classes I and II, but the presence of one star of 
each of these classes in the north-galactic-pole field shows that highly 
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luminous stars are to be found occasionally at distances of several 
thousand parsecs from the galactic plane." 

The supergiant in the north-galactic-pole field is HD 102909, of 
apparent magnitude 7.20, spectral type K1, and luminosity —4™5. 
In each field two dwarf stars occur at such small distances that they 
scarcely show in Figure 2. In the north-galactic-pole field they are 
61 UMa (G6) and Groombridge 1830 (G7p), and in the Cassiopeia 


GALACTIC POLE GALACTIC PLANE 


Mv 


G3 G¢ GS Ge Gr Ge Ge Wo Ki Ma Ks Ka Ks Ke Mo Gs Gq Gs Ge Gr Ge Ge Ko Ki Ma K3 Ke WS Ke Mo 


Fic. 1.—Luminosity— spectrum diagrams 


field, S 7259 (K2) and w Cas (G5). These are all well-known dwarfs 
with large trigonometric parallaxes. 

The data of the catalogue of the Cassiopeia field are well suited to 
a determination of the luminosity function for types G7-K2 in the 
neighborhood of the sun. For this purpose the total number of stars 
in each luminosity class was divided by the volume of space cor- 
responding to the distance of an eighth-magnitude star having the 
mean absolute magnitude of that class. The resulting relative num- 


13 Cf. Shapley, Proc. Nat. Acad. Sci., 25, 428, 19309. 
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bers of stars per unit volume were reduced to actual space densities 
by means of the giants, since class III was the only one containing 
enough stars within the limit of completeness to provide a significant 
value of the density. To a distance of 220 parsecs, 18 class III stars 
were counted in the Cassiopeia field. The volume of space was 
2.57 X 10° cubic parsecs, and the completeness factor was 1.14, giving 
a density of 8.0X10~5 stars per cubic parsec. Since the fluctuations 
in so small a number may be considerable, a check was provided by 
the 56 giants within 320 parsecs, which gave the slightly lower den- 
sity of 6.5 X1o0~%, as was to be expected. 

The computed space densities for the different luminosity classes 
appear in the fifth column of Table 8. The mean absolute magni- 


TABLE 8 


SPACE DENSITIES IN CASSIOPEIA FOR STARS OF TYPES G7-K2 


Range in Mean Number Stars 
ema ? Absolute Absolute of Stars per Cubic 
sea Magnitude Magnitude Observed Parsec 
..| —3.0 to —4.5 —3.8 * 
—1.5 to —3.0 —1.5 9 4.4X1077 
IIl.. +1.5 to —1.0 +o0.8 85 8.0X 1075 
| +4.5 to +1.5 +3.5 
| +6.5 to +5.5 +6.0 
\ 


tudes for each luminosity class, tabulated in the third column, were 
computed with weights based upon the luminosity function itself and 
are averages referred to a given volume of space. Their uncertainty 
may be several tenths of a magnitude. In classes IV and V the ob- 
served stars were so close to the sun that the data of the north- 
galactic-pole field could safely be included also. In the last two rows 
of the fourth column the upper numbers refer to the north-galactic- 
pole field and the lower numbers to the Cassiopeia field. The density 
for class IV is a mean from the two fields, each of which gave almost 
the same value. For class V the density is omitted because of the 
scantiness of the data. 

For comparison with determinations from other sources the den- 
sities were next divided by the range in luminosity included within 
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each class. The logarithms of the resulting numbers of stars per 
cubic parsec per interval of one absolute magnitude are plotted as 
ordinates in the graphical representation of the luminosity function 
in Figure 3. Here the density for class V was included merely to 
show that the observed number of dwarfs was consistent with the 
number to be expected from our relatively complete knowledge of 
the stars within a few parsecs of the sun. The cross in the diagram, 


Los D 
+10 


' 23456 7 Mv 


Fic. 3..-Luminosity function for G7-K2 stars with apparent magnitude brighter 
than 8.0 (filled circles). Logs of space density are plotted as ordinates. Open circles 
represent Gratton’s data. The cross shows the frequency of dwarfs indicated by 


Luyten’s table. 


which is almost coincident with the filled circle at M, = 6.0, repre- 
sents the density derived from Luyten’s luminosity function for stars 
of all types within a radius of 5 parsecs,'4 on the assumption that all 
stars in his table with absolute magnitudes between +5.5 and +6.5 
were main-sequence stars of types G7- Ka. 

The open circles in the diagram represent corresponding points on 
the luminosity function for stars of Henry Draper classes Ko and K2 
derived by L. Gratton'’ from proper motions and radial velocities. 
Thus his range in spectral type is similar, though not identical, to 
that of the present study. For comparisons with other luminosity 


4 Pub. U. Minnesota Obs., 2, No. 7, 123, 1939. 5 B.A.N., 6, 85, 1933. 
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functions based upon proper motions reference should be made to 
the discussion in Gratton’s paper, but the essential point is that 
Gratton found a density increasing continuously toward lower lumi- 
nosities, without any indication of the minimum between the giants 
and dwarfs which had been suggested by the earlier results of Strém- 
berg and others. The confirmation of the general course of Gratton’s 
curve by the present data, which provide a completely independent 
and more direct determination, is evidence of the freedom from 
systematic errors of the method of proper motions. 

That the subgiants at Ko are actually more numerous than the 
giants appears now to be established, but the accuracy of the spectro- 
scopic parallaxes is not sufficient to define the finer structure of the 
luminosity function—at least not until much richer material is at 
hand. The apparent absence of subgiants of types later than K2 and 
the very small dispersion in the luminosities of the late K dwarfs 
suggest that the luminosity function is changing rapidly in this 
spectral range and probably possesses a minimum between the 
giants and the main sequence. This point can probably be best in- 
vestigated by measuring trigonometric parallaxes of all subgiants 
and dwarfs within 40 or 50 parsecs, the stars having been selected by 
means of low-dispersion spectrograms. 

The spectroscopic luminosity curve is of greatest value at the high- 
luminosity end in spite of the few stars included, for these stars are 
at distances such that parallaxes determined by other methods are 
extremely uncertain. The density observed for the supergiants is 
probably slightly too low, for the volume of space surveyed extends 
to a height of about 300 parsecs above the galactic plane at a dis- 
tance of 1500 parsecs, and the mean space density is presumably less 
than that characteristic of galactic latitude zero. 

The apparent vertical displacement of the two curves in Figure 3, 
amounting to a ratio of about 3 in the densities, may be due in part 
to the different spectral ranges involved and to the presence of the 
absorption patches mentioned previously, but it is possible that the 
space density in Cassiopeia is less than the average for the Milky 
Way. This is suggested by the survey of four galactic fields by 
Schalén,"° who separated giants and dwarfs by the cyanogen criterion 


% Upsala Medd., No. 55, 1932. 
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applied to slitless spectrograms. Schalén’s space densities for giants 
of Henry Draper types G5 to K2 should be roughly comparable to 
the values in the fifth column of Table 8, although his inclusion of 
stars of classes I and II among the giants should raise his densities 
by about ro per cent as compared to our value for class III. For the 
mean of four fields in Cygnus, Cepheus, Cassiopeia, and Auriga he 
found 2.1 X10~4 giants per cubic parsec to a distance of about 200 
parsecs, after a factor of 1.1 had been applied to correct for inter- 
stellar absorption. For his Cassiopeia field alone, which partially 
overlaps the one observed here, the density was 1.21074, about 
half the mean of the other three. 


I am indebted particularly to Dr. Morgan for his many sugges- 
tions in regard to this program and for the opportunity of making 
use of his extensive collection of spectrograms of bright stars. Mr. 
F. R. Sullivan took part in all the observations at the telescope. 


YERKES OBSERVATORY 
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THE DISTRIBUTION OF COLOR IN SPIRALS* 
CARL K. SEYFERT 


ABSTRACT 

This investigation is based on a photometric study of red- and blue-sensitive plates of 
the seven spirals, NGC 598, 891, 2403, 3031, 4631, 5194, and 5457. The plates, cali- 
brated by means of exposures with a tube sensitometer, have been measured in two 
photometers and by means of recording-microphotometer tracings across the principal 
axes of the spirals. These plates, taken with the Yerkes 24-inch reflecting telescope, 
have been supplemented by red-, yellow-, and blue-sensitive plates taken with the 82- 
inch reflector of the McDonald Observatory and with a 6-inch refractor. 

The results show that the nebulous condensations in the arms of the spirals have 
red indices close to oo and are considerably bluer than the spiral nuclei. The spirals 
appear to have a general background intensity which decreases smoothly outward from 
the nucleus and on which the arms seem to be superimposed. This background is of 
approximately the same color as that of the nucleus. The color of the arms alone is 
blue, of red index close to o™o, and hence they are approximately of the same color as 
that of the individual condensations. The colors of emission nebulae in the spirals is 
discussed, and the anomalies in the blue-yellow color indices of emission nebulae suggest 
a rapid method of detecting such objects in extragalactic nebulae. Measures of the dist ri- 
bution of color in one dark-lane spiral (NGC 891) give no indication of reddening within 
the dark lane. 

From an examination of photographic and photovisual plates 
F. H. Seares' in 1916 showed qualitatively that the nebular conden- 
sations in the arms of the spirals M 51, M 94, and M 99 were much 
bluer than the nuclear regions. This problem was investigated pho- 
tometrically by E. F. Carpenter,? who confirmed the results of 
Seares for M 51. Carpenter showed that the knots or nebular con- 
densations in this spiral were as blue as —o™3, whereas the color in- 
dex near the nucleus was +o0™6. The color of the nucleus was esti- 
mated as +1™6, a value which Carpenter considered uncertain. 

The present paper contains a reinvestigation of this problem for a 
number of spirals, using principally blue-red color indices instead of 
blue-yellow (referred to hereafter as ‘“‘red indices” and ‘‘color in- 
dices,” respectively). Not only have the surface brightnesses of the 
nebulous condensations relative to the nuclear regions in the two 
colors been determined, but the distribution of color of the general 


background in several spirals has also been investigated. The scale 


* Contributions from the McDonald Observatory, University of Texas, No. 20. 


t Proc. Nat. Acad. Sci., 2, 553, 1916. 2 Pub. A.S.P., 43, 204, 1931. 
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of both magnitude systems has been established by means of sensito- 
metric exposures impressed on the plates. For most of the spirals 
an attempt was made to establish the zero point of the color system 
as well. However, the chief aim of the investigation has been to de- 
termine the differences between the colors of various parts of the 
same spiral. 
I. THE PLATE MATERIAL 

Two red-sensitive and two blue-sensitive plates were obtained on 
each of the following objects: NGC 598, 891, 2403, 3031, 4631, 5194, 
and 5457. The plates were taken with the Yerkes 24-inch aluminized 
reflector (focal length, 93.5 inches). The red-sensitive plates, East- 
man 1-C Special emulsion, were exposed behind a Wratten No. 28 
red filter for approximately 60 minutes each. The blue-sensitive 
plates, Eastman 1-O emulsion, were exposed without filter for ap- 
proximately 30 minutes each. The effective wave length of the red 
plate and filter combination is approximately \ 6300; that of the 
blue-sensitive plates about \ 4250 for dwarf G5 stars. The latter 
value was determined by the author from objective grating plates of 
the Pleiades taken with the 24-inch reflector. Additional red-sensi- 
tive films (Agfa Super Pan Press and Wratten No. 29 filter), yellow- 
sensitive plates (Eastman 1-G emulsion and Wratten No. 8 filter), 
and blue-sensitive plates (Eastman 1-O emulsion) were taken of 
NGC 5194 and 5457 with the 82-inch reflector of the McDonald 
Observatory for the purpose of checking the accuracy of the results 
obtained from the smaller-scale Yerkes 24-inch reflector plates. 

ach plate was standardized by means of an exposure of approxi- 
mately 30 seconds made with a tube sensitometer. The same filters 
employed at the telescope were used for the standardizing exposures, 
which were impressed on the sky-fog background of the plates. Since 
the average exposures on the nebulae were much longer than the 
sensitometric exposures, it was necessary to investigate possible 
changes of the slope of the characteristic curve of the plates as a 
function of time of exposure. Accordingly, plates of all emulsions 
used were exposed in the tube sensitometer for intervals varying 
from 20 seconds to 1 hour. The resulting densities were kept ap- 
proximately constant for the long and short exposures by using neu- 
tral screens and by varying the distance of the light source from the 
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plate. It was found that the characteristic curves were so nearly 
identical for the long and short exposures that no correction was 


necessary. 


II. THE RELATIVE COLORS OF KNOTS AND NUCLEUS 
FOR FIVE SPIRALS 

Eight to ten of the brightest and largest nebular condensations 
were measured on the plates of each of the spirals NGC 598, 2403, 
4631, 5194, and 5457. For all but NGC 4631, the nucleus of each 
spiral was measured also. In the case of NGC 4631, a spiral seen 
edge on and in which no well-marked nucleus is visible, the nucleus 
of the small companion nebula, NGC 4627, was measured instead. 
These plates were measured in the Ross photometer’ of the Yerkes 
Observatory, using a diaphragm which produces a beam at the plate 
of 0.22 mm diameter, or 19’ on the scale of the 24-inch reflector 
plates. The plates were remeasured in the McDonald photometer‘ 
with a diaphragm producing a beam of only 11’, considerably smaller 
than any of the features measured. The plates taken with the 82- 
inch reflector were also measured in the McDonald photometer. The 
relative surface brightnesses of the nucleus and knots of each ob- 
ject were determined by means of the sensitometric exposures on 
each plate. The determination of the zero point of the colors of the 
knots in each object will be discussed in Section IV. 

Since the standardizing exposures were impressed on the sky fog 
of the plates, only small corrections for the variation in the general 
fog background had to be made. It was necessary, however, to make 
substantial corrections for the fact that the measured intensity of 
each knot represents a combination of the brightness of the knot 
plus the brightness of the arm, or the general background intensity 
of the spiral in which it is situated. Hence measures were made of 
the intensity of the arm in the vicinity of each knot and subtracted 
from the intensity of knot plus arm to give a measure of the bright- 
ness of the knot alone. No similar corrections were made for the 
measures of the nucleus. The accuracy of the results in some cases 
is reduced considerably by these background corrections. Magni- 


3 For a description of this instrument see A p. J., 84, 241, 1936. 


+A description of this instrument may be found in Ap. J., 91, 117, 1940. 
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tudes of knots for which the correction for background is unusually 
large have been indicated in the tables by a colon. 

The final mean values of the blue and red magnitudes and colors 
are listed in Tables 1-5. Successive columns give (1) the designa- 
tion of the knot; (2 and 3) the XY and Y co-ordinates of the knots 


TABLE 1 


POSITIONS AND COLORS OF THE KNOTS IN NGC 5098 (M 33) 


(1) (2) (3) (4) (5) (6) (7) (8) 
Knot AX AY Ampg Amred A4R.I. Spectrum 
1 (NGC 588). .} —843”} — 43”) +1™32 | +1™85 | —o™53 | +0™37 | Emission 
—530 | +1.20 | +1.90 | —0.70 | + .20 Emission 
eee ....| —§502 —978 | +1.43 | +1.91 | —0.48 | + .42 | Emission 
4 (NGC 595). .| —223 +118 | +0.96 | +1.40 | —0.44 | + .46 | Emission 
— 211 —339 | +1.20 | +2.36:| —1.16:| — .26: 
+ 62 +356 | +1.15 | +1.45 | —0.30 | + .60 
+ 93 —389 | +0.97 | +2.12:| —1.15:| — .25: 
Shi cee +316 | —140 | +1.28 | +2.13 | —o.85 | + .05 | Emission 
9 (NGC 604). .| +537 +452 | +0.04 | +0.35 | —o.31 | +0.59 | Emission 
MeankR.I.. +o"24+0.07 (p.e.) 


TABLE 2 
POSITIONS AND COLORS OF THE KNOTS IN NGC 2403 


(1) (2) (3) (4) (5) (6) (7) 

Knot AX Al Ampeg Amred AR.I R.I 
—195” + 51” +o™85 +1™44 —o™59 +o™21 
2. — 136 —145 +1.55 +2.18 —0.63 + .17 
2. — 80 + 17 +1.23 +2.34 —I.1I — .31 
4. +o.91 | +1.59| —0.68| + .12 
2 + 6 + 34 +-1.27 | +2.04 | —0.77 | + .03 
6 + 39 + 72 —0.83 — .03: 
+ 65 — 15 2.33:| +#2.57 —0.24 + .56: 
8 (NGC 2404).... + 97 + 28 +o0.60 +1.37 —0.77 + .03 
+157 — 249 +1.16 +1.93 —0.77 + .63 
+175 — 27 +1.55 +1.91 —0.36 +0.44 

Mean R.I...... +o™12+0.05 (p.e.) 


relative to the nucleus; (4 and 5) the magnitude of the knot minus 
the magnitude of the nucleus for blue and red light, respectively; 
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(6) the red index of the knot relative to the nucleus (i.e., col. 4 minus 
col. 5); and (7) the red index of the knot (determined from col. 6 
after the zero point of the color scale was established; cf. Sec. IV). 


TABLE 3 


POSITIONS AND COLORS OF THE KNOTS IN NGC 4631 
(Both Relative to the Companion Nebula NGC 4627) 


(1) (2) (3) (4) (5) (6) (7) 

Knot AX AY Ampg Amred ART. RI. 
| — 248” — 148” +o™81 +1™58 —o™77 
—179 + .96 +1.60 — .64 + .16 
3 | —140 — + .93 +1.38 
4 == = 335 323 “2.00 
+ 78 —145 + .81 +1. 27 — .46 + .34 
6. | °=84s —116 — .34 +0.34 = 368 + .12 

| ) 

7 | +218 — 103 + .83: +1.42 50 + .21 

8 +282 +o0.96: +1.65 —0o.69 +o.11 
Mean R.I. +o"16 +0.03 (p.e.) 
TABLE 4 
POSITIONS AND COLORS OF THE KNOTS IN NGC 5194 (M 51) 

(1) | (2) | (3) (4) (s) (6) (7) (8) 
Knot AX | AY Ampg Amred AR.I. | R.I. 4c 1. 
I +1™69 | +2737 | —o™68 +032 | —o™65 
| — go — 82 +1.30 | +2.13 | — .83 | | — .99 
Ce [SS —108 | +1.19 | +1.95 | — .76 | +0.24 | — .80 
4 — 61 — 129) + | 2.71 | — -74 | 0.26] — .61 
5... | “20 + 26 | +1.11 | +1.84 .73 | +0.27 | — .69 
6.. | -+ 64 —155 2.07 | +2.93 | — .86] +0.14 | — .4I 
oe | + 97 + 80 | +1.65 | +2.17 | — .52 | +0.48 | — .55 
are eee | +103 —118 | +1.75 | +2.51 | — .76 | +0.2 — .74 
NGC 5195 + 72 +266 | +0.19 | +0.08 | +o. 11 | 41.11 | +0.12 

Mean R.I. 


knots. ... | +o™26+0.02 (p.e.) 


The mean of the red indices of the knots is given at the bottom of 
the table, together with the probable error of this average value. 
The values given for NGC 5194 and 5457 include the measures ob- 
tained from the red and blue plates taken with the 82-inch reflector. 
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In the tables of the measures of these two spirals, an eighth column 
is also included, which gives the color indices of the knots relative to 
the nucleus as determined from the photographic and photovisual 
plates taken with the McDonald reflector. An additional column is 
added for NGC 598 and 5457, to denote whether the knot is a known 
emission nebula. These last data are taken from the papers of E. 
Hubble,’ N. U. Mayall and L. H. Aller,° and C. K. Seyfert.?7. The 
positions of the knots measured in each object are also indicated by 
arrows in Plates VII-IX. 


TABLE 5 


(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Knot AX AY Amps <Amred R.1. AC.I. Spectrum 
—391" —262” +1™49 —o™72 +0"07 —0.57 Emission 
2 (NGC 5447) —378 —277. +0.97 +1.86 — .89 — .10 —0.77 Emission 
3 (NGC 5453) —143  —145 +1.16 +2.10 — .94 — .15 —0.83 
4 (NGC 5455).. —103 —387 +0.65 +1.42 — .77 + .02 —o.50 Emission 
O2) — +1.46 +2.26 — .80 — —1.10 
6 (NGC 5458) — 4 —18r +1.23 +2.22 — .99 20 —0.97 
7 (NGC 5461)... +250 +0.60 +0.96 — .36 . 43 —0.20 Emission 


36 + 
8 (NGC 5462) +346 + 50 +1.20 +1.92 — .72 + .07 —0.45 Emission 
of* 3492 +359 + 68 +1.00 +1.81 — .81 — .02 —0.64 Emission 
10 (NGC 5471) +670 +170 +0.39 +0.97 —0.58 +0.21 —o.20 Emission 


Mean R.I... +o"03 +0.04 (p.e.) 


The red indices of the knots in NGC 5194 and 5457, as measured 
from the plates taken with the 82-inch reflector, average o™12 bluer 
than those obtained from the 24-inch reflector plates. This syste- 
matic difference between the two sets of plates is small enough to 
give confidence in the measures from the smaller-scale plates from 
which most of the material was obtained. 

The accidental errors of measurement are as follows: the prob- 
able error of a magnitude obtained from one photographic plate is 
+o™10; the probable error of a magnitude determined from a single 
red- or yellow-sensitive plate is +-o0™12. Since the published meas- 
ures are the mean of at least two plates, the probable error of a final 
color is +o™1t. 


SAp. J., 63, 236, 1926. 6 Pub. A.S.P., §1, 112, 1930. 7 Ap. J., 91, 261, 1940. 
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Ill. THE DISTRIBUTION OF COLOR ACROSS THE MAJOR 
AXES OF FIVE SPIRALS 

Tracings across the major and minor axes of the five spirals NGC 
598, 891, 3031, 5194, and 5457 were obtained by means of the record- 
ing microphotometer of the Yerkes Observatory. The measures 
were made at intervals of 1 or 2mm on the tracings, corresponding to 
intervals of o.1 and o.2 mm on the plates. Various slit sizes were used 
for the different spirals, ranging from 2” to 6” in width and from 6” 
to 45” in length. The standardizing exposures on the plates made it 
possible to reduce the measures to a magnitude scale with an arbi- 
trary zero point. 

Since the nuclear regions of NGC 3031 and 5194 were too strongly 
exposed for measurement in the microphotometer, four additional 
plates of short exposure (two red-sensitive and two blue-sentitive 
plates) were obtained and measured as indicated above. The blue 
plates were exposed for 5 minutes and the red plates for 10 minutes. 
Measures on the tracings of these short-exposure plates gave the dis- 
tribution of brightness around the nucleus. For a number of points 
in these spirals, measures could be made on both long- and short- 
exposure plates, thus making it possible to combine the two sets 
of measures. The region of overlap is approximately 1™o for each 
spiral. The accuracy with which the two sets of measures agree is 
illustrated in the diagrams of the measures (Fig. 2). 

The probable error of a single photographic or red magnitude de- 
termination is +o0™o06, and hence that of a single red index is +o0™o9. 
Since the published values are the mean of two plates, the probable 
error of a final red index is +o™06. 

The measures are given in the form of diagrams, Figures 1~3, in- 
clusive. The ordinates are magnitudes with an arbitrary zero point, 
and the abscissas are the distances in millimeters from the nucleus as 
measured on the plates. Each curve gives the mean intensity dis- 
tribution determined from two plates, the upper curve from blue- 
sensitive plates and the lower curve from red-sensitive plates. At the 
bottom of each figure are the curves representing the distribution of 
red index (also with an arbitrary zero point) across the axes of the 
spiral. The red index of the nucleus is indicated by a horizontal line. 
On the page opposite each set of curves are given two photographs of 
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PLATE VII 
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PHOTOGRAPHS OF NGC 508 (a AND 6b) AND OF NGC 8or (¢ AND d) 
The intensity measures given in Figure 1 correspond to horizontal diameters of 
objects on the plates shown above; the horizontal scales are the same. Nebular conden- 
sations measured in NGC 508 have been indicated by arrows in 6. 
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Fic. 1.—Measures of distribution of intensity and red index in NGC 508 (upper) 
and NGC 8o1 (lower). Measures along the major axis (north-south axis for NGC 598) 
are on the left, and along the minor axis (east-west axis for NGC 598) are on the right. 
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Fic. 2.—Measures of distribution of intensity and red index in NGC 3031 (upper) 
and NGC 5194 (lower). Measures along the major axis are on the left, and those along 
the minor axis are on the right. Filled circles represent measures from long-exposure 
plates, and crosses from short-exposure plates. 
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PLATE VIII 


PHOTOGRAPHS OF NGC 3031 (a AND 6) AND OF NGC 51094 (¢ AND d) 
The intensity measures given in Figure 2 correspond to horizontal diameters of 
objects on the plates shown above; the horizontal scales are the same. Nebular con- 
densations measured in NGC 5194 have been indicated by arrows in d. 
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PLATE IX 
a _ b 
+ Dre 
} 
‘ | 
c d 


PHOTOGRAPHS OF NGC 5457 (a AND 6), NGC 2403 (c), AND OF NGC 4631 (d) 
The intensity measures given in Figure 3 correspond to horizontal diameters of NGC 
3457 on the plates shown above; the horizontal scales are the same. Nebular con- 


densations measured have been indicated in 0, c, and d. 
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FIG. 3. 
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Measures of distribution of intensity and red index in NGC 5457. Measures 


along the major axis are on the left, and those along the minor axis are on the right. 
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the spiral on the same scale as that of the curves and oriented in such 
a manner that the direction of the corresponding microphotometer 
run is horizontal and through the nucleus. 


IV. DISCUSSION OF THE RESULTS 

NGC 598 (M 33).—This large late-type spiral has a semistellar 
nucleus seemingly imbedded in a heavy mass of diffuse material. 
The arms, which are not very distinct, contain many nebulous 
condensations of various sizes. This fact, together with its large 
angular dimensions (60’ X40’), makes M 33 an excellent object for 
study. 

On the average, the nine knots measured in M 33 are 0"66 + 0.07 
(p.e.) bluer than the nucleus on the red-index scale, with individual 
values ranging from o™30 to 1™16 (Table 1). 

In order to determine the zero point of the relative colors of M 33, 
red-sensitive (Afga Super Pan Press film and Wratten No. 209 filter), 
yellow-sensitive (Eastman 1-G emulsion and Wratten No. 15 filter), 
and blue-sensitive plates (Eastman 1-O emulsion) of this object and 
of the North Polar Sequence were taken with the Yerkes 6-inch UV 
telescope, now at the McDonald Observatory. Total integrated 
magnitudes of the brightest condensation, knot No. 9 (NGC 604), 
were estimated. The red index, as determined from these plates, is 
+o™6. Since knot No. g is o™31 bluer than the nucleus (Table 1), 
the red index of the nucleus is therefore +o0™g.* This value for the 
red index of the nucleus of M 33 makes it possible to transform the 
color differences cf Table 1 to red indices on the system established 
by Mrs. Payne-Gaposchkin.? These red indices for the individual 
knots, given in column 7 of Table 1, range from +o™60 to —o™26 
and have an average value of +o0™24. 

It is of interest to note that the red indices of the known emission 
nebulae in M 33 are not conspicuously different from the nonemis- 

8 Stebbins and Whitford (Ap. J., 86, 247, 1937) have determined the photoelectric 
color of the nucleus of M 33. Their determination is equivalent to +0™65 when re- 
duced to the red-index scale. The discrepancy between the photoelectric color of the 
nucleus of M 33 and that determined above is probably accounted for by the presence 


of emission lines in the spectrum of the nucleus of M 33, as has been pointed out by 
Mayall and Aller (loc. cit.). 


9 Harvard Ann., 89, 93, 1935. 
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sion nebulae. Probably the reason for this is that the strong Ha 
emission is roughly balanced by the emission of the other Balmer 
lines and the [O nu] doublet \ 3727 in the blue and violet. For the 
blue-yellow indices, however, the situation is quite different; for, if 
the yellow filter cuts off the strong NV, and N, lines, no strong emis- 
sion lines remain in the yellow region of an emission nebula to offset 
those in the photographic region, and the photovisual magnitude re- 
sults primarily from the weak yellow continuum of the exciting stars. 
This fact is clearly illustrated by colors of knot NGC 604 in M 33, 
determined from the above-mentioned plates taken with the Yerkes 
6-inch UV telescope. The red index for this knot is +o0™6, but the 
blue-yellow index is —1™5. Qualitative examples of this effect for 
galactic emission nebulae have been shown earlier by O. Struve,'° 
who employed red-sensitive plates to discover emission nebulae in 
the Milky Way. The striking difference between the strength of an 
emission nebula in yellow and red light is clearly shown in Plate I 
of his paper. 

The measures of the intensity dlstribution in red and blue light 
for M 33, made with the recording microphotometer, show very 
little color variation out to a distance of 10’ from the nucleus (Fig. 1). 
There seems to be a slight tendency toward increased blueness at the 
extreme ends of the north-south run, but this may be due to the diffi- 
culty of measuring accurately the low densities far from the nu- 
cleus. The arms of the spiral are extremely indistinct, but for those 
that can be detected the integrated color of arm plus nebulous back- 
ground ranges from o™o to o™15 bluer than the nucleus. It will be 
noted in Figure 1 that the arms of the spiral seem to be superimposed 
on a background intensity which decreases smoothly from the nu- 
cleus to the periphery. The same effect is found to be true for the 
other spirals studied. It is surprising that this general nebulous 
background should be smooth in such broken spirals as M 33 and 
M tot. 

NGC 8g1.--A spiral seen edge on, with a major diameter of 12‘0 
and a minor diameter of 10, NGC 891 has a total integrated magni- 
tude estimated as 12™2 by Shapley and Ames." This object was 


™ Harvard Ann., 88, 43, 1932. 


1° Ap. J., 86, 94, 1937. 
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chosen for measurement because of the well-defined dark lane run- 
ning along the major axis. 

The measures are shown diagramatically in Figure 1. Since a long, 
narrow slit was used (2” X 45’’), the microphotometer measures 
along the major axis represent an integration of dark lane and bright 
edges. Since the characteristic curves in the two wave lengths used 
happen to have nearly the same slope, the comparison of the two 
sets of measures can be made in spite of the effect of integration. It 
appears from Figure 1 that the color along the major axis is roughly 
constant. 

The measures along the minor axis show the dark lane very well 
and indicate that it has the same color as the bright edges of the 
spiral. In addition, the plates of NGC 891 were measured in the Mc- 
Donald photometer to check this latter result. The brightest parts of 
the edges of the spiral were found to be o™9 brighter than the darkest 
parts of the lane, whereas the corresponding difference found from 
the microphotometer tracings was only o™6 (Fig. 1). The discrep- 
ancy between the results found from two different methods of meas- 
urement is accounted for by the considerable irregularities in the 
dark lane. The photometer measures confirmed the measures in the 
microphotometer in showing that the dark lane has the same color as 
that of the bright edges of the spiral, within the accuracy of the 
measures. 

NGC 2403.—This object, a late-type spiral with a large diffuse 
nucleus, measures 16’X10’, with a total integrated magnitude of 
10™2."' Several conspicuous condensations are present in the main 
body of the spiral, ten of which were measured, as shown in Table 2. 
One of these condensations, No. 3, is probably not a knot but may be 
either a piece of an arm or an extended star cloud. Despite the rather 
uncertain character of this particular object, the measures of it have 
been included with the others in forming means. On the average, the 
knots of NGC 2403 are 0™68 + 0.05 (p.e.) bluer than the nucleus, 
with values ranging from o™24 to 1™11. 

The zero point of the relative red indices in Table 2 was estab- 
lished by means of red- and blue-sensitive plates of NGC 2403 and 
the North Polar Sequence taken with the UV telescope (cf. M 33). 
From these plates, red indices of several of the brightest knots in 
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NGC 2403 were determined; and by making use of the red indices 
of these knots relative to the nucleus (Table 2), the red index of the 
nucleus was found to be +0™8o, approximately o™15 redder than the 
color to be expected from the observed spectral type, F8.% Using 
this value for the color of the nucleus of NGC 2403, the color differ- 
ences of the knots were translated into red indices (Table 2, col. 7). 
The average value of the red indices of the knots in NGC 2403 is 
+o™12 + 0.05 (p.e.). 

NGC 3031 (M 81).—This is a large intermediate-type spiral with 
an integrated magnitude of 8™9."" The apparent diameter along the 
major axis is 16’; along the minor axis, 10’. There are no condensa- 
tions in this object of sufficient brightness to be measured in the 
photometer. From the recording microphotometer measures there 
seems to be no definite indication of a variation of red index across 
either axis (Fig. 2). The measures from the tracings in the vicinity 
of the arms indicate that the integrated color of the arms plus the 
general background intensity is just slightly bluer than the nucleus 
(o™r or o™2 on the red index scale). Since the arms are extremely in- 
distinct and difficult to distinguish from the general background in- 
tensity of the spiral, this result must be termed provisional. 

NGC 4631.—This is a large irregular spiral, seen edge on. The 
diameters along the axes are 12/0, and 1/2, and the total integrated 
brightness of this object is 9"™6.'' The red indices of eight knots were 
measured in the photometer; but since no definite nucleus is visible, 
the magnitudes, colors, and positions of the knots are referred to 
the small companion nebula, NGC 4627. The knots or condensa- 
tions in NGC 4631 are, on the average, o™64 + 0.05 (p.e.) bluer than 
the companion nebula (Table 3). 

Stebbins and Whitford'’ have measured the color of NGC 4631 
with the photoelectric cell. Their color, when reduced to the red in- 
dex scale, is +-o™12. Stebbins and Whitford’s color measures in 
large spirals refer to the nucleus due to the limitations of the size of 
the diaphragms they used. In the case of NGC 4631 their measures 
undoubtedly refer to what would appear in the telescope to be the 
nucleus, knot No. 6 in Table 3, which is by far the brightest feature 
of the spiral. If we assume this to be the case, knot No. 6 has a red 


2 Ap. J., 83, 10, 1936. 3 Loc. cit. 
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index of +o0™12, and hence the red-index differences of the condensa- 
tions in NGC 4631 may be transformed into red indices. These lat- 
ter values, tabulated in column 7 of Table 3, indicate that the indi- 
vidual condensations in NGC 4631 have red indices ranging from 
—0.03 to +0.35, with an average value of +o™16. 

NGC 5194 (M 51).—This fine late-type spiral, 1216’ in diam- 
eter, is seen almost perfectly in plan. The arms are very distinct, 
and the nucleus is well defined. One of the most remarkable features 
of this spiral is the presence of a secondary nucleus at the end of one 
of the arms. The latter object, listed as a separate nebula in Dreyer’s 
New General Catalogue (5195), has an integrated magnitude of 111," 
as compared to 1o™1," for the integrated magnitude of M 51. The 
measures of the brightness and color of the individual condensations 
in M 51 are given in Table 4. On the red-index scale, the knots aver- 
age o™74 bluer than the nucleus, with a small range of the individual 
values (0™52-0™86). The secondary nucleus (NGC 5195) has very 
nearly the same color as the primary nucleus (o™11 redder than the 
primary). A spectrogram of this spiral taken with the slitless spec- 
trograph of the 82-inch reflector revealed no conspicuous emission 
nebulae, though two condensations were suspected of having weak 
Ha emission. Additional observations with the Yerkes 6-inch UV 
telescope fitted with a 30° objective prism show that the spectra of 
the two nuclei are quite similar in energy distribution, with no evi- 
dence of emission lines. Small-scale red-, yellow-, and blue-sensitive 
plates using appropriate filters have been employed to determine the 
color of the primary and secondary nuclear regions of M 51, so that 
the color differences listed in Table 4 might be reduced to the red 
and yellow color-index systems. The results are as follows: 


Primary Nucleus Secondary Nucleus (NGC 5195) 
Mred 10.9 Mred..... II.4 


Carpenter’ gives the color index (mpg — mpy) of the region near 
the primary nucleus of M 51 as +o0™6, a result in close agreement 
with the value given above (-++0™7) for the color index of the primary 
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nucleus and nuclear region of M 51. Measures of plates of M 51 tak- 
en with the 82-inch reflector indicate that the primary nucleus has 
the same color as the region near the nucleus, within the accuracy of 
the measures. Hence, the present material indicates that the nu- 
cleus itself has a color index of +0™7 and a red index of +1™o. Car- 
penter’s value for the color index of the nucleus of M 51 is +1™6, a 
value considered quite uncertain by him, however. Adopting the 
present values of +o0™7 and +1"o respectively, for the color index 
and red index of the primary nucleus of M 51, the color differences of 
the condensations in M 51 may be translated into color indices and 
red indices. On the average, the knots measured in M 51 have a color 
index of +0™o2 and a red index of +0™26. The individual values of 
the red indices are listed in column 7 of Table 4. 

Dr. Carpenter has kindly supplied me with his individual meas- 
ures of the color indices of the knots in M 51, and for the eight knots 
measured by both of us the agreement is excellent (using the present 
blue-yellow color differences listed in column 8 of Table 4 and the 
value +o™7 for the color index of the primary nucleus). The sys- 
tematic difference between our two sets of measures is negligible 
(o™o1), and the average difference without regard to sign is +0.18. 

The measures of M 51 with the recording microphotometer indi- 
cate little or no change in the integrated color of the spiral passing 
outward from the nucleus (Fig. 2). The integrated color of the arms 
plus nebulous background averages o™3 bluer than the nucleus on 
the red-index scale, with individual values ranging from o™10 to 
o™45. For M 51 the arms are sufficiently distinct to make it possible 
to subtract them from the general background intensity of the spiral. 
If this is done, the arms themselves average o™6 bluer than the 
nucleus, in close agreement with the foregoing value for the average 
color of the individual condensations in the arms. 

NGC 5457 (M 101).—This late-type spiral, one of the largest in 
the sky, is approximately round, with a diameter of 22’. The arms, 
which are fairly distinct, are broken up into a great number of 
nebulous condensations. These knots average o™76 bluer than the 
nucleus on the red-index scale and o™62 bluer than the nucleus on 
the color-index scale (Table 5). The author’ has shown that many of 
the condensations in M ror have emission spectra. A comparison of 
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the differences between red index and color index for the knots in 
emission in M ror reveals no conspicuous anomalies such as were 
found for the brightest condensation (NGC 604) in M 33. The rea- 
son for this is undoubtedly that for M ror the yellow-sensitive plates 
were photographed, as mentioned before, through a No. 8 Wratten 
filter, a light yellow filter which transmits about 50 per cent of the 
light at the strong emission line NV, [O 111]. This caused the images 
on the yellow-sensitive plates to be quite strong when JN, is strong, 
resulting in fairly normal color indices in contrast to the large nega- 
tive color index found for the emission knot NGC 604 in M 33." 

Red and blue-sensitive plates of M ror and the North Polar 
Sequence were taken with the 6-inch UV telescope in order to deter- 
mine the red indices of the nucleus and three of the brightest knots 
in Mror. Knowing the red index of each of these knots rela- 
tive to the nucleus (Table 5, col. 6), four determinations of the 
red index of the nucleus were thus available. The average of these 
determinations yielded a red index for the nucleus of M tor of 
+o"79 + o”08 (p.e.). Using this value, the red indices of all the 
knots in M tor were determined and tabulated in column 7 of Table 
5. A glance at the table shows that the red indices of the knots 
average very close to o™o. 

The recording microphotometer tracings across the two axes of 
M tor indicate no appreciable progression in color from the nucleus 
outward (Fig. 3). The red index in the vicinity of the arms is ap- 
proximately 0™35 smaller than that of the nucleus, with a rather 
small scatter about this mean value. If allowance is made for the 
general background intensity of the spiral, the red index of the arms 
becomes o™7 smaller than that of the nucleus, or close to o™o. The 
microphotometer tracings across one axis included two pairs of 
knots, as indicated by arrows in Figure 3. The red indices of these 
knots, as determined from the tracings, are o™8 smaller than the 
nucleus, a result consistent with the values found above. 

4 Note added in proof.—The validity of this explanation is indicated by subsequent 
photovisual plates of M ror obtained with the McDonald reflector and exposed behind 
a heavy yellow filter (Wratten No. 15; zero transmission at \ 5000). These plates 
showed the emission condensations to be greatly reduced in brightness relative to the 
nucleus and to the nonemission knots when compared with the corresponding images 
on the photovisual plates described in the text. 
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The present investigation has shown that the red indices of the 
nebular condensations in the arms of several large spirals are con- 
siderably smaller than that of their nuclei. The condensations have 
red indices close to 0.0, and we can therefore conclude that these 
condensations are composed largely of early-type stars, some of 
which are the source of exciting emission nebulae. The blue-red in- 
dices of these known emission nebulae are not very different from the 
nonemission nebular condensations. However, if care is taken to re- 
move the strong NV, and N, lines from the photovisual determina- 
tions, the blue-yellow indices would probably be abnormally low, as 
has been shown to be the case for the brightest emission nebula in 
M 33. In view of the fact that the color of a nebula is influenced to 
such a marked extent by the presence of strong emission lines, it 
follows that it is unsafe to draw conclusions regarding the composi- 
tion of objects found in extragalactic nebulae on the basis of colors 
determined on one single base line. However, appropriate blue-, yel- 
low-, and red-sensitive plates would undoubtedly afford a rapid 
method of detecting objects having strong emission spectra in extra- 
galactic nebulae. 

It is of interest to note that these giant emission nebulae, such as 
NGC 604 in M 33, have no known counterpart in our own Milky 
Way. The total absolute magnitude of the great nebula in Orion 
(NGC 1976), including the exciting stars, is only —5™8,'° whereas 
the absolute magnitude of knot NGC 604 in M 33 is approximately 
—1o0™o, or of brightness comparable to that of the great emission 
nebula 30 Doradus (absolute magnitude approximately —12)"° in 
the Large Magellanic Cloud. 


I wish to thank Dr. Jesse L. Greenstein for his helpful suggestions 
concerning this investigation and for his kind co-operation in secur- 
ing supplementary data at the Yerkes Observatory. 

McDONALD OBSERVATORY 


January 8, 1940 


's The total apparent magnitude of nebula plus stars is obtained from a paper by 
J. Hopmann (Verh. der U. su Leipzig, 4, 1, 1934). The distance, 540 parsecs, is taken 
from a paper by R. J. Trumpler (Pub. A.S.P., 43, 255, 1931). 

©The apparent magnitude is from a paper by Shapley and Paraskevopoulos 
(Ap. J., 86, 340, 1937). The distance was assumed to be 26,000 parsecs. 
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SPECTROGRAPHIC OBSERVATIONS OF 
PECULIAR STARS* 


rs SWINGST AND O. STRUVE 


ABSTRACT 


1. The spectra of several absorption O-type stars showing vestiges of Wolf-Rayet 
emission have been investigated from \ 3300 to \ 6700. The absorption spectrum con- 
sists mainly of H, Her, Het, Om, O1v, Nut, Niv, and Sitv. The emission lines 
show a P Cygni character and are confined to H, He 1, and a few transitions of He 11, 
Niu, Niv, Nv, Cm, and Sitv. The location of the expanding shell giving rise to 
the emission and absorption lines is estimated. 

2. The visual spectrum of P Cygni reveals strong Fe 111 lines originating from metas- 
table levels (dilution effect). Lines of other elements show a peculiar selectivity of the 
emission lines. 

The spectra of three other P Cygni type stars (Z Canis Majoris, BD+47°3487, 
and BD+11°4673) are described, especially in connection with the phenomena arising 
in expanding shells. 

RY Scuti shows a strong system of forbidden |Fe mr] lines, and the variations in the 
spectrum of this star are discussed. 

3. The ultraviolet region of the spectrum of ¢ Tauri shows several sets of absorption 
lines (H, He, and ionized metals) arising from the reversing layer and from various layers 
in the surrounding shell. The asD — 4p‘P° multiplet of Fe m1 was the most conspicuous 
feature in the visual region of y Cassiopeiae in March, rg40. New data are given for 
the spectra of several other stars with extended shells (MtW 143, HD 218393, HD 
160529, and HD 190073). A group of stars showing forbidden [Fe 1] lines is discussed 
(WY Geminorum, W Cephei, B 1985, B 5481, and HD 45677); and new [Fe 11| multiplets 
are found in the ultraviolet region of these objects. 

4. The spectra of four binary systems showing simultaneously an M-type spectrum 
and forbidden lines of high excitation are described in detail. The spectroscopic phe- 
nomena accompanying the recent outburst of Z Andromedae are discussed; the con- 
tinuous absorption in the shell plays an important role in the relative intensities of the 
emission and absorption components of the P Cygni type lines. The two stars AX Persei 
and CI Cygni have very similar bright-line spectra, of which the nebular part shows a 
very high excitation; besides 7, He 1, and He 11, the strongest lines are due to |Fe vit] 
and [Nev], and there is good evidence in favor of |Fe x|. The temperature of the 
nucleus exciting these nebular lines must be of the order of 150,000°, or more. Another 
multiple object of lower excitation is R Aquarii, and new spectroscopic data show the 
occultation effect of the nebula by the 770 atmosphere of the late-type component. 
There is good reason to believe that the binary nature of a star stimulates the process 
of shell formation. 


The new quartz spectrograph of the McDonald Observatory is 
well suited for observations in the region between A 3200 and X 3900, 
where heretofore few peculiar stars have been observed. The pur- 
pose of the present investigation is to gather new material in this re- 
gion, toward the study of extended stellar atmospheres. The stars 

* Contributions from the McDonald Observatory, University of Texas, No. 22. 

+ Visiting scientist of the Belgian-American Educational Foundation. 
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which we have observed and the data of the observations are given 
in Table 1. All the stars have been observed previously in the ordi- 
nary photographic region. In two cases, namely those of P Cygni 
and y Cassiopeiae, we have observed the visual region with a special 
grating spectrograph. In all other cases the prism spectrograph was 
used, for which the dispersion in the visual region is relatively insuf- 
ficient. The photographic region, although observed previously by 
Merrill, H. H. Plaskett, and others, has been measured in most cases, 
partly to record changes which have taken place since the former ob- 
servations were made and partly to study the lines of especially in- 
teresting atoms, such as [Fe 11], [Fe vu], etc. 

Our observations cover a short interval of time and are, therefore, 
not in themselves suitable for a study of the changes which take 
place in these interesting spectra. But in conjunction with the work 
of others and with additional observations, which we hope to secure 
in the future, they should be helpful in elucidating such remarkable 
phenomena as the outburst of Z Andromedae or the periodic changes 
of BD+11°4673. 

Although the new material contains a wealth of information on 
various types of departures from thermodynamic equilibrium, on 
fluorescence processes, on the origin of the forbidden lines, and on the 
relative intensities of the forbidden lines, we have in most cases pre- 
sented only the results of the observations and have in only a few 
instances attempted to interpret the results. The complete theoreti- 
cal evaluation of the observations must wait until more material is 
available. 

The material is presented in five sections: Section I deals with 
several absorption O stars which show vestiges of Wolf-Rayet char- 
acter; Section II deals with P Cygni type stars; Section III is de- 
voted to a number of interesting Be stars; Section IV discusses the 
spectra of several stars which combine features of very high and of 
very low excitation; and Section V contains some of our conclusions. 

In the wave-length tables the individual wave lengths of the emis- 
sion lines were adjusted to correspond with the laboratory values. 
Except in those cases in which radial velocity results are specifically 
mentioned, these wave lengths should not be used to determine the 
radial velocities of emission lines. The wave lengths of the absorption 
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lines of the P Cygni type stars were not corrected for the velocity of 
expansion, except in Table 15, where they were also adjusted to cor- 
respond with the laboratory values. 


I. ABSORPTION O STARS WITH EMISSION LINES 


These stars are intermediate between Wolf-Rayet stars and P 
Cygni stars. The purpose of our work was to investigate the ultra- 
violet region of the spectrum, which has not formerly been described, 
and to discuss the spectral features of the photographic and the 
visual regions in the light of recent work on the spectra of highly ion- 
ized light atoms. 

Former investigations by W. H. Wright" and by H. H. Plaskett? 
were largely devoted to the O stars: 9 Sagittae, BD +35°3930 N., 
29 Canis Majoris, and the nucleus of the planetary nebula NGC 
2392. Besides the bright He 1 line at \ 4686, these authors mention 
two bright V 111 lines at \ 4634 and \ 4640. The occurrence in emis- 
sion of these particular NV m1 lines seems at first very strange;} in 
early B stars and in pure absorption O stars, the lines \ 4097 and 
d 4103 are always much stronger than \ 4634 and A 4640; but in the 
four stars just mentioned, only the lines \ 4634 and A 4640 appear in 
emission, whereas \ 4097 and X\ 4103 are strong absorption lines. 

C. H. Payne‘ examined the spectra of several southern stars of 
class O, taken with an objective prism and covering the photographic 
region. Among these objects, nine may be considered as essentially 
absorption O stars. All of them show He 11 4686 and N m1 4634 and 
4640 in emission. In one case (HD 152408) these bright lines show 
an absorption companion on the violet side; in the same star HB, 
Hy, 116, Si tv 4116, He 1 4471, and Mg 11 4481 show both absorption 
and emission. 

We shall discuss the spectra of 9 Sagittae, of BD + 35°3930 N., 
and of the nucleus of NGC 2392, using spectrograms obtained at the 
Cassegrain focus of the 82-inch McDonald reflector. The spectro- 
grams extend from \ 3327 to 46678. For comparison we have also 


* Pub. Lick Obs., 13, 206, 1918. 

2 Pub. Dom. Ap. Obs., Victoria, 1, 325, 1922. 

3 Dr. W. H. Wright has called our attention to this peculiar behavior of NV m1. 
4 Harvard Bull., Nos. 842, 843, 844, 1927. 
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examined two other O stars, HD 34656 and HD 190864, which at 
certain times have been observed to possess V 11 emission at \ 4634 
and d 4640. However, on our plates, taken on September 10 and 
September 12, 1939, there is no trace of emission. The fact that the 
N 10 emission is not permanent is of interest. 


I. 9 SAGITTAE 


This star is often considered as an absorption O-type star showing 
vestiges of Wolf-Rayet character. It was classified as O7w by C. H. 
Payne.’ Three spectrograms have been measured, one on a Process 
plate and two others on Agfa Superpan Press film. The list of wave 
lengths and their identifications are given in Table 2. The scale of 
stellar intensities ranges from o (trace) to 10. The letter “‘s” desig- 
nates a sharp line; ‘‘n,’’ a nebulous line. The strong interstellar 77 1 
line \ 3384 was not included. Plaskett’s list? contained the twenty- 
six strongest lines between Ca ul K and Hf. 

Hydrogen.—The Balmer series may be followed to H/,,. 7a appears 
as a line of the P Cygni type.° H@ is an undisplaced absorption line; 
the weak emission on the violet wing is probably not due to H. 

He I—The triplets are much stronger than the singlets, as com- 
pared with the laboratory intensities. The series 2p'P’ — nd'D ap- 
pears only for m < 7; whereas 2pP° — nd3D is still present for 
n = 14. All these lines appear in the star itself; there seems to be 
some slight departure from thermodynamic equilibrium in the stellar 
reversing layer, but this matter will not be discussed here, since the 
much more extreme case of P Cygni has been investigated recently 
by Struve and Roach.’ The line 2p*P® — 3d’D at A 5875.62 is dis- 
placed toward the violet and shows possibly a weak emission at the 
normal wave length. This absorption line would thus originate in 
an expanding shell of the P Cygni type. The line 2p'P® — 3d'D at 
\ 6678 seems to have a similar structure. 

The two absorption lines \ 3613.64 (28'S — 5p'P’) and A 3888.65 
(2s3S — 3p3P°), whose lower levels are metastable, seem to be accom- 


$s Stars of High Luminosity, p. 67 (Harvard Obs. Mono., No. 3, 1930). 
6 Merrill records (Lick Obs. Bull., 8, 24, 1913) that in 1913 Ha was not present in 
emission. 


7 Ap. J., 90, 727, 1939. 
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TABLE 2 
LINES IN 9 SAGITTAE 


IDENTIFICATION IDENTIFICATION 
INT. NoTE INT. NOTE 
Elem. A Int. Elem. r Int. 
5327. @ { New | 3709.64 7 
3340.89 4 Om | 3340.74 | 6 3709.66...) 1 \(O mt | 3709.52 | 2) 
O1v 3348.08 2 3711.90...| 3 1. 
4448.2... ° 3349.11 3 3 Ou 3715.08 6 
Om | 3348.05 2 3721.77 4 pope 3721.04 |.---- 
(Nut | 3354.26 7 { Our | 3725.30 3 
Nu 73 6 | O1v | 3725.81 | 2 
3354.50 3 { OU | 3355.92 3 New | 3727.08 9 
| Ow | 3353-70) 2 3727.8...) Ou | 3727.33 | 8 
N ut | 3374.06] 6 N ur | 3747.66 |..... 
337395 Cam} 3372.68 | 8 3748. 23 IV | 3747-7 ° 
{| Sut | 3747-90] 5 
3384.66 I sant Be 3750.40 4 ES 
Ow | 3385.55 6 3753.03 I 
90.0 I Ou 3390.25 8 3754.70...| 2 HL | 3754 67 7 
339 3399: 25 ots | Nu | 3754.62 | 6 
33900 9 I ee ) 
3397.41 2n Or 3757.21 
3411.42 I Ow | 3411.76 4 3759-85...| 5 Om | 3759.87 9 
3430.47 I O ul | 3430.60 4 { Cam} 3761.62 6 
3433.13 I 3761.89 I ;Ou 3762.63 5 
3440.50 I Om | 3440.39 4 | Sitv | 3762.41 4 
3444.20 I Om | 3444.10 5 3769.7 I He | 3769.3 |----- 
3447-71 I Het | 3447.59 2 3770.63 
3403.9 ° Viv | 3463.4 I 377 9 N ut | 3771.08 
3408.0 ° 3774.47 I Ol | 3774.00 6 
3471.88 2 Het I on New | 3777.16 8 
3478. 66 5 Niv | 3478.60 | 7 3781.74 I Hew | 3781.71 |.---- 
3482.50 2 Niv | 3482.98 5 3791.16...| 4 Om 3791.26 6 
3487.8 ° He 3704-1 ° (Sm 3794.69 6) 
3498 62 I He | 3498.63 I 3790.8 2 Heit | 3796.36 |...-- 
3530.48...| Het 3530.50 I 3798.05 6 3797.90 
3554.67...) 2n Hei | 3554-5 I 3803.30 I (Om | 3803.14] 6) 
3567.2 on : 3810.59 I Ou 3810.96 2 
3583.80 Is 3813.54 2 Beit i 3833-53 
3587.0 ...] 2n Het 3587.4 I 3819.51 5 Het 3819.61 4 
3000. 41. I (Fe ut| 3600.93 | 10) 3824. 2. ° Viiv 
3604.03...] I (Fe 3603 88 9) 3834.49 2 He | 3833.83 |.---- 
3609.79...| IS Cm | 3609.40 5 3835.58 6 Hy 
3611.36...] IS Het | 3613.64 | 3 3 3847.79 
3613.62...) 2 Hei | 3613.64 3 3858.30 2 He | 3858.10 |.....- 
3634.35 5 Het 3634.3 2 3867.18 I Het | 3867.46 2 
3638.77 ° Ou | 3638.70 3 3882.13 I Ou 3882.19 7 
3643.41 2 : 3886.33 Is Het 3888.65 | 10 3 
3053.36 I 3887.70 2 He | 3887.47 |.---- 
3663 82 ° Neu | 3664.00] 9 3880.17 6 Hs 3889.05 
3671.48 |.. Hei | 3888.65 | 10 
3072.23--.{ Has 3673.76 |.. 3806.74 I 
3070.4 I 13: 3676. 36 II 3900.63 5 
3079.4.. I Has 3679.35 3900 33 (Alt | 3900.68 | 10) 
3682.46. I Hao 3682.81 3905.59 
3686 58 I Hy 3086.83 |.. 3909.55 I : 
36091 89 I His 3691.56 3019.50 I On 3919.28 6 
Ps x Neu | 3604.22 | 10 3923.76 3 Heit | 3923.51 
3094.43 (Out | 3695.37 4) 3927.96 
3696. 83 I 3607.15 3929.8 I 
3699.05 2 Om 3698.70 5 3061.96 a Ow | 3961.59 8 
His 3703.85 3964.52 2 3964 73) 4 
Het 3705.00 3 3068.49 4 
3704.45 gn |¢ Orn | 3702.75 5 3968. 20 7 Hew | 3068.47 |--.-- 
| Out 3703.37 5 3970 2 7 He 3970.08 |..... 
Our | 3704.73 | 3 | 3908.15 I N 11 | 3908.69 | 3 
3707.50 I Out | 3707.24 6 || 4003.8 I NV i | 4003.64 4 
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Elem. 
(Het 4009 27 
Het 4026.19 
Heit | 4025.64 
| 4057.80 
cm 4067.87 
Cut | 4068.94 
Cin | 4070.43 
Om | 4081.10 
Cat} 4081.74 
Si1v | 4088.86 
Niu 4097. 31 
Heit | 4100.08 
Hé 4101.74 
Nut | 4103.37 
Sit 4116.10 
Het 4120.81 
Het | 4143.77 
Het 4168.97 
Cin | 4187.05 
Ou 4185.45 
V ur | 4195.70 
Nt | 4200.02 
He | 4199.87 
{ Cam} 4207.26 
| Ti 4207.54 
Sitv | 4212.44 
Cal} 4213.15 
{ Nim | 4215.69 
| Timt] 4215.55 
Cu 4267 27 
4267.02 
Cu 4325.70 
Heu | 4338.71 
Hy 4340.47 
Niu 4370 09 
Het | 4387.93 
(Titv | 4403.54 
(Fem | 4419.61 
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(4504 
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4054 
4675 
4679 
4082 
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47°95 
4708 
4713 
4736 
4848 
4853 
4855 
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4861 
4921 
5015 
5136 
5411 
5426 
5592 
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5872 
5803 
6077 
6280 
6555 
6563 
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IDENTIFICATION 


Elem. r Int. 
Het 4471.48 6 

(Viv | 4470 ) 
(NIV | 4405 ) 
N ut | 4510.92 6 

Nut 4514.89 

Nut | 4523.60 4 

Nut 4534-57 | 3 

Niu | 4535.11 2 

Heu | 4541.63 5 

Ni |} 4634.16 9 

Nut 4640.64 10 

Nut | 4641.90 3 

Cit 4047.40 | 10 

Civ 4040.5 

Titv | 4647 3 

Siiv | 4654.14 4n 
Heit | 4685.81 |300 

Het | 4713.14 3 

Al | 4735.93 | 15 

Heu 1859.36 7 

HB 4861 34 

Het 4921.93 4 

Het 5015.67 6 

Hew | 5411.57 | so 

Ow 5592.37 6 

Cul | 5696.0 5 

Het 5875.62 | 10 

Ha 6562.82 

Hew | 6560 16 

Hei | 6678.15 6 


NOTES TO 


TABLE 2 


The unblended interstellar lines of Ca 1 and Ji u are not included in the table. 


. Interstellar. 


. Het is only a weak contributor. 
. Unidentified line, present in the B-type stars; see O. Struve, Ap. J., 90, 600, 1939. 
. Line presumably due to the expanding shell; somewhat uncertain. 


10. Very difficult region; measures uncertain. 
11. Possibly weak emission on red side of the absorption line. This absorption is due to both the star 


and the shell. 


12. Probably interstellar (D lines of Va) 
13. Possibly interstellar. 


. Unidentified lines of P Cygni character, originating in the shell. 
. Another contributor probable. 
These NV 1 lines of the P Cygni type are due to the shell. 
. Lines originating in the shell. 
. Lines originating in the shell, but bright component uncertain. 


NoTE 


5 Q.... 
2 
6 E) 3 
7 
8 
HOSTS I 6 
5 
4088.89 . 10 04.. 
4092.11.. 57 
4007.14 .. | 10 13. 
4108.11... 
| 
4qr70:87... | 
4143.64... 
4168.84 | | 5, 10 
| 
| ee | 9, 10 
| | 
4 $207 | 
| 10 
4212.77...| | | 
| 
| 
4325.15 8 
4340 |i | 
4379.15... | 10 gs 
4387.87... 3 
4403.8.... 2) i 8 
4420.1.... 10) 
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panied by very weak absorption lines measured at \ 3611.36 and 
d 3886.33. These two companions are sharper; if they are real, they 
are probably due to absorption in the expanding shell.* 

He ITH. H. Plaskett’s work has shown that He 11 is strong in 9 
Sagittae. He observed the series 4f?F° — ng’G from m = g (A 4541.63) 
ton = 12 (A 4100.08, close to 76). On our plates this series may be 
observed from n = 7 (A 5411.57, intensity 7) as far asm = 22. The 
even values of give lines close to the Balmer lines, and these have 
been separated on our Process plate as far as Hy. 

The series 3d?D — nf?F° is especially interesting. The line d 
4685.81 (n = 4), which is the strongest He 1 line in the laboratory 
and in ordinary stellar spectra, appears as a very weak emission line 
with a weak absorption companion displaced toward the violet. On 
the other hand, Dr. A. B. Wyse? has called our attention to the fact 
that the line \ 3203 (m = 5), which is outside the wave-length range 
covered by our plates, is a strong absorption line. It is obvious that 
the ‘‘stellar’’ absorption line at \ 4686 must also be strong and that 
it has been covered by emission produced in the outer shell, whereas 
the stellar line \ 3203 has not been filled up by emission in the shell. 
A tentative interpretation of this different behavior of 3d?D — 4f?F° 
and 3d?D — s5f?F° may be found in the fairly close agreement of the 
line L, (A 1215.66) and of the He 1 line at \ 1215.13, which is the 
transition between the quantum levels m = 2 and nm = 4. Since the 
2s°S level of He 11 is metastable, atoms of the shell which are in that 
level may absorb the Lyman a radiation emitted by the whole shell. 
That Lyman a is an emission line seems extremely probable, because 
Ha is bright. By absorption of L, from 2s’S, the He 11 atoms are 
brought to quantum number 4, whence they can fall down to n = 3, 
emitting \ 4686. The difference in wave lengths is compensated by 
the widths of the emission and absorption lines. There is no such 
process for \ 3203, which can, therefore, appear only as an absorp- 
tion line. Lyman 6 (A 1025.72) is close to the He m1 line \ 1025.27, 
connecting the quantum levels m = 2 and = 6. But it is probable 
that the effect of Lg must be small compared with that of L,. The 

* The line \ 3965 (2s'S — 4p'P®) yields no information on this point, because a fairly 
strong O m1 line falls at \ 3961.59. 


9 Private communication. 
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effect should be largest for the 4f?F° — 6g?G transition at \ 6560.16, 
but this is blended with Ha. These circumstances are illustrated in 
Figure 1. A similar behavior was observed in Nova Aquilae by Wyse. 
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Fic. 1.—-He 11 lines in g Sagittae 
O IJ —FExtremely weak, no line being stronger than intensity 1 


on our scale. 
O III—Strongly represented: twenty-four lines were measured, 


thirteen of them being free from blends. The strongest multiplets’? 
are shown in Table 3. 
10 Dr. Wyse (private communication) has observed several strong absorption lines 


of O11 in the ultraviolet region, below our limit, A 3327. 
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The fact that O /// appears only in absorption and with normal 
intensities is of importance. For example, the presence of \ 3759.87 


TABLE 3 


STRONGEST ABSORPTION LINES OF O III IN 9 SAGITTAE 


INTENSITY 
TRANSITION Las. 
Star Lab. 

I-2 3754.67 2 7 

(Excitation potential,) o-1 3757.21 3bl 5 

33.0-36.3 V.) 2-3 3759.87 5 9 

4 3774.00 I 6 

2-2 3791. 26 4 6 

Pa 3810.96 I 2 

2-1 3340.7 4 6 
(33 .0-36.7 Vv.) 

o-I 3702.75 bl 5 

(37.1-40.4 I-2 3707.24 I 6 

2-3 3715.08 3 6 

2-2 3725-30 3 

— I-o 3961.59 2 8 
(33.7-30.8 v.) 

(33.7-35.9 V.) 


TABLE 4 


STRONGEST UNBLENDED LINES OF N 1V IN 9g SAGITTAE 


INTENSITY 
TRANSITION d Las. 
Star Lab 
| I-2 3478.69 5 7 
(46.5-50.1 Vv.) I-I 3482.98 2 5 
3p'P*—30'D......... I-2 4057.80 2 2 
(49.9-53.0 V.) 
(57.4-60.1 Vv.) I-I 4495 2 Predicted 


as a strong absorption line shows that Bowen’s mechanism of ex- 
citation of the O m1 atoms by He 11 304 does not play a role here. 
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O IV —The presence of O 1v may be considered as certain, one of 
its lines, \ 3385.55 (lab. int. 6), being of intensity 3. The other line, 
d 3411.76 (lab. int. 4), is also present in 9 Sagittae (int. 1). 


TABLE 5 


LINES OF N III IN 9 SAGITTAE 


INTENSITY 


TRANSITION d Las. 5 = 
Star Lab. 
Doublets 

4@D—sf?F°......... 13-23 3998. 69 I 3 

(39. 2-42.3 24-33 4003.64 I 4 

4-1} 4097.31 6 10 

(27.3-30.3 V.) 2-3 4103.37 6 9 

}-} 4195.70 2 5 

(38.5-41.4 V.) 14-4 4200.02 5 bl 6 

— ..| 4215.69 tbl 3 
(36.7-39.6 v.) 

33-43 4379.09 2 10 
(39. 7-42.4 Vv.) 

4-1} 4634.16 4A-4F 9 

(30. 3-33.0 V.) 13-23 4040.64 

13-12 4041.90) 3 
Quartets* 

I 3353-78 6 

3 bl 

(35.5-39.1 13-2 3354.29 7 

23-2 33097 . 30 3 

25-1 3374.00 2 6 

14-23 4510.92 2 6 

(35.5-38.2 v.) 23-3 4514.89 2 7 

19-1 4523.00 2 4 

23-2 4534-57 

(38. 7-41.5 Vv.) 


*The multiplet 3s‘P? — 3p*P has also been observed by Dr. Wyse (pri 
vate communication). 
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Nitrogen.—N 1 is extremely weak or absent. N Iv shows several 
lines, the strongest of which are listed in Table 4. The best criteria 
for NV 1v are 38'S — 3p'P° and 3p'P* — 3d'D. N v is possibly pres- 
ent as an extremely weak line at \ 4603. N 11 is very abundant, as is 
shown in Table 5. 

The reproduction in Plate X shows that the NV ttlines at \ 4634 
and \ 4641 have a P Cygni character, which has not been mentioned, 
as far as we know, by previous investigators. 


TABLE 6 


P CYGNI CHARACTER OF N III 4634-4641 


WintHs 
INT. MEAN A EpGEs In 
In 
Kilo- 
Ang- 
meters per 
Second 
4030.97 4030.10-4031.71 1.61 104 
4632.18-4636.42 4.24 275 
4638.42 4637. 71-4639.12 1.41 QI 
4641.22 4639.67-4645.49 5.82 376 


The best values for the widths are: for the absorption component, 
1.61 A, or 104 km/sec; for the emission line, 5.82 A, or 376 km/sec. 

The velocity of ejection in the shell giving rise to the absorption 
and emission line™ is of the order of 200 km/sec. The computed 
values are slightly different, depending upon whether we assume that 
the broadening of the P Cygni absorption line is due to mechanical 
causes. If not, we should take the distance between the centers of 
the emission and absorption lines as: for 4634: 


AX = 3.16 Aor V = 205 km/sec , 
and for 4641: 


AX = 2.80 Aor V 


181 km/sec . 


't It is reasonable to assume that the absorption and emission components of P Cyg 
type lines originate at the same distance from the star. 


| | 
— 
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The most reliable value is 205 km/sec. If, on the other hand, we 
assume that the width of the absorption line is mainly due to the 
angular range in ejection velocity, we shall obtain the correct value 
of that velocity by taking the distance between the center of the 
bright line and the violet edge of the absorption line: 


Ad = 4.03 A or V = 261 km/sec. 


All the lines of Table 5, except 4634 and A 4641, originate essen- 
tially in the star itself. The absorptions and emissions at \ 4634 and 
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Fic. 2.—N ut lines in 9 Sagittae 


d 4641 are due to the shell surrounding the central star. This is illus- 
trated in Figure 2, where the heavy lines correspond to the shell and 
the lighter lines to the central star. In HD 34656, HD 190864, and 
10 Lacertae—all pure absorption O stars—the absorption lines 
d 4097 and \ 4103 are much stronger than \ 4634 and A 4641, and 
the higher-level line \ 4379 is approximately of the same intensity 
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as 4 4604. In g Sagittae the relative intensities of \ 4379 and of 
AA 4097 — 4103 are quite normal, in contrast to the appearance of 
AA 4634 — 4641. 
The following conclusions may be drawn from the observations: 
a) We are certainly not dealing with a pure recombination spec- 
trum, because \ 4379 and also \ 4097 and A 4103 are in absorption. 
b) The N 111 lines are not excited by the fluorescence mechanism 
which prevails in the nebulae. The absence of bright O 1 lines 


TABLE 7 


C 111 LINES IN 9 SAGITTAE 


INTENSITY 
TRANSITION d Las. 
Star Lab. 

4f3Fo—5g3G......... 2-3 4067 .87 I 6 

(39.7-42.8 v.) 3-4 4068.94 I 7 

4-5 4070.43 I 8 

4f'Fo—sg'G......... 3-4 4187.05 tbl} 10 
(39.8-42.8 v.) 

48 4p I-2 4325.70 I 8 
(38.3-41.1 v.) 

(29.4-32.1 Vv.) 

1-2 5696.0 3E 5 
(32.0-34.1 V.) 


shows that this process does not play a role. In the nebulae the 
groups A 4097 and A 4103, and A 4634 and A 4641, have normal in- 
tensities. 

c) No high-level line appears in emission. 

Carbon.—C 11 is extremely weak, the strongest transition 3d?7D — 
4fF° at \ 4267 being only of intensity 1. C Iv is absent. C 11 is 
weak. 

The behavior of C 11 is illustrated in Figure 3 and is somewhat 
similar to that of N m1. In the singlets the transition 3s'S — 3p'P° 
is in the unobservable infrared. In the triplets the transition 
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3p*P° — 3d5D is in the unobservable ultraviolet. We note the fol- 


a) The notations of the emission and absorption lines are similar 


sal, 
33 
ks’ 
32 
% 
infréred 
| 
/ 
3sts 
| 
30 
20 
| 
{ 326 (Lab 14) 
| | 
| 
— = Star 
—< = Schell 
1 


b) Contrary to the case of V 111, the 3d'D level requires two ab- 


Fic. 3.—C 111 lines in 9 Sagittae 


sorption processes from the ground level. 


c) Again, as in N 111, the highest levels do not give emission lines. 
The carbon lines are weak, compared with the nitrogen lines. 
The star 9 Sagittae is apparently more closely related to the Wolf- 
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Rayet nitrogen sequence than to the carbon sequence, but carbon is 
not completely absent, and even C 111 shows an emission line. 

The analysis of the spectrum of P Cygni’ has shown that this star 
is also related to the nitrogen sequence, as the carbon lines are ab- 
normally weak, compared with the nitrogen lines. The two stars 
HD 190864 and HD 34656, which at times have shown JN mr in 
emission, are also extremely poor in carbon lines. We have found no 
trace of C 1 and C rv and have only suspected a weak trace of C 111. 
In the laboratory, \ 4647.4 is by far the strongest C 11 line in the 
astronomical region. The same is true in the carbon Wolf-Rayet 


stars. 
TABLE 8 
Si Iv LINES IN 9 SAGITTAE 
INTENSITY 
TRANSITION d Las. 
Star Lab 
4088 . 86 6 10 
(24.0-27.0 Vv.) 4116.34 3 8 
5g?G—6h?H?........ 44-5} 4054.14 I 4n 
(36. 3-38.9 v.) 


Other atoms.—Ca 111 may be present but gives only very weak 
lines. The identifications of Ne u and Arti are tentative and give 
only very weak lines. Fe ut and 77 m1 may also be present as very 
weak lines. 

Siir and Siiu are absent. But Si tv is fairly strong, the un- 
blended lines being given in Table 8. 

Several bright lines are still unidentified, the two strongest being 
d 4485.4 (2) and Xd 4855.9 (3). 

The expanding shell of 9 Sagittae—The widths of the displaced 
N ut absorptions at \ 4634 and \ 4641 are 1.61 A, corresponding to 
AV = 104 km/sec. The widths of ten stellar absorption lines have 
been measured, and the mean width is AV, = 200 km/sec, which 
corresponds roughly to a stellar axial rotation of the order of 100 
km/sec. At the mean position of the P Cygni layer, the velocity of 


"2 Struve, Ap. J., 81, 66, 1935. 
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ejection is either 205 km/sec (3.16 A) or 261 km/sec (4.03 A). These 
values are in fair agreement with the width of the emission line at 
d 4641, which is 5.82 A, or 376 km/sec. 

The wave lengths of the centers of the emission lines, after correc- 
tion for the stellar radial velocity, are in agreement with the labora- 
tory values.’’ Hence, there is no strong occultation effect, and the 
emitting layer cannot be very close to the surface of the star. Let 
us suppose that the broadening of the displaced N 11 lines is due to 
one of the following mechanical causes: (a) the range in ejection 
velocity within the thickness of the P Cygni layer; (b) the range in the 
component of the ejection along 
the line of sight, inside the star’s 
cylinder of sight; (c) the range 
in the component of axial rota- 
tion along the line of sight. We 
are unable to estimate the fac- 
tor (a), but we may assume that 
the shell is rather thin and neg- 
lect this factor. A minimum 
value of r will be obtained with 
Observer this procedure. 

Let us use the following 
terms: V,, for the velocity of 
ejection at distance r (shell); V,, for the velocity of axial rotation at 
distance r; Vp, for the velocity of axial rotation at the surface of 
the star; and a, for the angle shown in Figure 4. 

The width of the absorption line is 


FIG. 4 


AV = V.(1 — cos a) + 2V,sina. 


As a working hypothesis, we shall assume that V, is inversely pro- 
portional to r. We then obtain 


r r 


'3 The peculiar displacement of emission lines which is present in the spectroscopic 
binary 29 Can Maj (Luyten and Ebbighausen; Struve) is not observed in g Sag. 
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If we adopt V, = 205 km/sec, we find R?/r? ~ 0.31 or R/r ~ 0.56; 
this corresponds to a dilution factor of W ~ 0.08. In other words, 
the distance of the P Cygni layer from the star would be at least 
equal to the stellar radius. If we assume V, ~ 260 km/sec, we find 
R/r = 0.4, orr = 2.5R. The P Cygni layer would then be at a dis- 
tance of 1.5K from the stellar reversing layer. 


2. BD + 35° 3930 N. 

This star is the northern component of 2 2624 (separation 2’’). 
It was classified as O5w by C. H. Payne.’ The absorption spectrum 
shows a stage of ionization much 
higher than that of 9 Sagittae. 


Nv is much stronger; NV 11 zap 
shows \ 4634 and 4641 strong- 
ly in emission, whereas \ 4097 sap 


and \ 4103 have practically dis- 
appeared. He1 is much weaker, 
and D; shows the P Cygni char- 
acter. Het is of about the same — = she 
intensity in both stars, but now 
4686 is extremely strong in 
emission and is very broad (about 14 A). This may be due to the 
fact that H is now weaker. Ha again is a bright line, and H@ has 
the P Cygni character (with AX = 5.17 A or AV = 319 km/sec). 
O ur is weaker. Cu, C 101, and C tv are absent. It is probable that 
BD +35°3930 N. is also related to the WN stars. 

The most interesting features in this star are the emission lines of 
Niu, Niv, N v, and Si tv. Except for N 1m, these lines had not 
been previously observed. 

N IIT—tThe only difference from 9 Sagittae is that the absorp- 
tion lines \ 4097 and \ 4103 have practically disappeared; there may 
even be faint emissions in their places. 

N IV.—The multiplet 38'S — 3p'P° is very strong in absorption; 
in fact, \ 3478.7 (1-2) and d 3483.0 (1-1) to A 3484.90 (1-0) are the 
strongest ultraviolet lines below \ 3800. On the other hand, A 4057.80 
(3p'P® — 3d'D) appears in emission (int. 2E) with a displaced ab- 
sorption component (int. 1A; AX = 2.46 A, or 182 km/sec). The 
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Fic. 5.—N tv lines in BD+35°3930 N. 
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level diagram (Fig. 5) is quite similar to that of the isoelectronic ion 
Cut. The laboratory intensity of \ 4057.80 (2) is much lower than 
those of AX 3478.7 (7), 3483.0 (5), and 3484.90 (3). 
N V.—The multiplet 3s’S — 3p’P° appears in emission: 
38°S; — 4603.2 (1A-1E) , 
*S;— 4619.4 (oA-oE) . 


Here we encounter a type of transition (Fig. 6) with notations 
quite different from the cases of N m1, NV rv, and C ur. The transi- 


4s%5 4° 
35 
= a 
4as°s 
Ise 
= 
owe = Shell sr = Shell 
Fic. 6.—N v lines in BD+35°3930 N. Fic. 7.—Si tv lines in BD+35°3930 N. 


tions between 3p’P° and 3d?D are in the unobservable infrared re- 
gion. The observed lines are the strongest to be expected in the ob- 
servable region. They have been predicted by Edlén from his labo- 
ratory investigations. The ejection velocity of V v is AX = 2.59 A, 
or AV = 169 km/sec. 

Si IV.—The multiplet 4s*°S — 4p’P° appears in emission, \ 4088.9 
and \ 4116.1 having the intensities 1A and 2E, and 1A and 3, re- 
spectively. The ejection velocity is AV = 161 km/sec, correspond- 
ing to AX = 2.20 A. The type of transition is similar to that of V v 


(Fig. 7). 
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Unidentified lines of P Cygni character-—Three unidentified lines 
appear in the red region, the bright centers being near Ad 6215 (2), 
6289 (2), and 6387 (2). All three show absorption on the violet side; 
the ejection velocity is of the order of 400 km/sec. The line \ 6387 is 
near 38'S — 3p'P® of N Iv (A 6383). 


3. NucLEeus or NGC 2392 

The region A 3930 to A 4860 of this spectrum has been investigated 
by W. H. Wright,"‘ who has shown that the nucleus of this planetary 
nebula is a typical O star, with He 11 4686 and N 11 4634 and 4641 in 
emission. We have obtained spectrograms of this object extending 
from \ 3400 to 46700. The absorption spectrum is typical of the 
early O stars. Hy is present only in absorption, whereas HB pre- 
sents the P Cygni character. 

Besides the bright lines observed by Wright, our spectrograms re- 
veal also the strongest V v emission line at \ 4603. There is no trace 
of the C 111 line observed in emission in 9 Sagittae. The presence of a 
bright N tv line at \ 4057 is not conclusive. 

This star is quite similar to BD+35°3930 N. Incidentally, it 
should be noted that the spectrum of the surrounding nebula (dou- 
ble-ring planetary in Gemini) contains the forbidden [N 1] lines at 
6548 and A 6584;'° these lines are very weak in comparison with 
Ha. 

4. SUMMARY OF P LINES IN g SAGITTAE 
AND IN BD+35°3930 N. 

Table g lists the P Cygni type lines in 9 Sagittae and BD +35°3930 
N. Even aside from H and He, there is a wide range in excitation 
potential. This is especially true for BD +35°3930 N., which shows 
in emission both Si iv (exc. pot. 24.0-27.0 v.) and N v (exc. pot. 
56.3-59.0 v.). This, combined with the absence of emission corre- 
sponding to transitions between the highest states, excludes the pure 
process of recombination of ions and electrons. Any kind of “super- 
excitation” or “underexcitation” favoring either the higher or the 
lower levels is also excluded. On the other hand, these elements have 
no metastable levels. Hence, no dilution effect of the ordinary type 


14 Lick Obs. Pub., 13, 204, 1918. 
's This region was not covered by Wright’s spectrograms. 
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is to be expected. But it is not impossible that dilution influences 
different excited levels in different ways. 

A similar effect has been observed by Struve and Roach in the 
Si mi lines of P Cygni. The lines 4s'’S — 4p'’P° appear in absorp- 
tion, whereas 4p'*P° — 4d'3D are emission lines. In this case, the 
excitation potentials are 

4s'S, 19.6 v.; 4838S, 18.9 v., 
4p'P*, 21.8 v.; 4p3P°, 21.6 v., 
4d'D, 25.2 v.; 4d3D, 24.9 v. 


Struve and Roach have pointed out that the lowest triplet level of 


Si 1 can be reached from state 3P° only in two steps. The same is 
true for NV 11, but not for C 11. 


TABLE 9 
EMISSION LINES OF P CYGNI TYPE 


Excitation 
Element Wave Lengths Notations Potentials 
(Volts) 

Nu.........| 4634.2-4640.6 3p?P°— 30. 3-33.0 
4057.8 3p'P°—3d'D 49 .9-53.0 
Nv.........| 4603-4619 (predicted) — 3p?P° 56.3-59.0 
5696 3p'P°—3d'D 32.0-34.1 
SiIV.........| 4089-4116 487S — 4p?P° 24.0-27.0 

10.2-12.0 
Ha, HB......| 6563-4861 2p?P°— 3, 4d?D 

10.2-12.7 
5876 2p3P°— 3d3D 20. g-23.0 
4686 — 4f?F° 48.2-50.8 


We have already shown that Bowen’s fluorescence mechanism 
does not produce the excitation of the NV ur lines, but we have not 
found other plausible cases of fluorescence excitation. 

According to Table 9, the emission lines are either of the type 
pP — dD, in which case the absorption lines are sS — pP, or they 
are of the type sS — pP, in which case the nature of pP — dD is un- 
observable. Hence, even the spectral notation of the transition is 
not conclusive. There is as yet no satisfactory explanation for the 
strong selection shown by the emission lines. 

The emitting shells of HD 34656 and HD 190864 are not perma- 
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nent features. This may also be true for g Sagittae and BD + 35°3930 
N. In the case of BD +35°3930 N., H. H. Plaskett observed only 
absorption lines at \ 4603, while we find a fairly strong emission line of 
N v. Noemission lines of N rv (A 4058) and Si tv (A 4089 and A 4116) 
are mentioned by Plaskett, although it is impossible to miss them on 
our spectrograms. Ha was absent in g Sagittae in 1913, according to 
Merrill. Perhaps we should refrain from applying to such stars our 
usual ideas based upon permanent or equilibrium conditions. 

Both stars are related to the WN sequence. Although 9 Sagittae 
is not free of carbon, we observe the continuous ejection of nitrogen. 
This reminds us of Campbell’s hydrogen-envelope star.’® The strong 
red character of the envelope which was thought to be due to Ha is 
largely produced by the forbidden doublet 2p? 3P,, — 2p?"D of 
|N 1] at X 6548.4 and X 6583.9; these two lines are roughly of the 
same intensity as Ha.'? On the other hand, the nucleus is a typical 
carbon Wolf-Rayet star, classified as WC8 by Beals. We do not 
know whether carbon is absent from the nebular envelope, because 
the carbon ions have no forbidden lines; but at least we do know that 
nitrogen is not abundant in the nucleus. It is tempting to think that 
the entire supply of nitrogen of the atmosphere of the nucleus has 
been ejected in a manner similar to that which we actually observe in 


9 Sagittae. 

II. STARS OF THE P CYGNI TYPE 

1. THE VISUAL SPECTRUM OF P CYGNI 
The ultraviolet and the photographic regions of P Cygni have 
been investigated by Struve and Roach,"* by Struve,’’ and by Beals.” 
The region of wave lengths above 8 has been considered only in a 
preliminary manner by Beals,?? Kharadze,”* and Struve.'? We have 
obtained several good spectrograms of P Cygni in the visible region, 
using a normal incidence grating spectrograph at the Cassegrain 


6 BD+30°3639 = HD 184738; a 1931™, 6 +30°18’. 

17 P, W. Merrill, Pub. A.S.P., 44, 123, 1932. 

8 AD. J., 90, 727; 1939- 20 M.N., 95, 581, 1935. 

19 Ap. J., 81, 66, 1935. at Zs. f. Ap., 11, 304, 1935- 
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focus of the 82-inch reflector. The measured lines are listed in Table 

Fe III —The multiplet aSD — z5P° is very strong, although it is 
not especially outstanding in laboratory sources; this is due to the 
metastable character of a‘D. The dilution effect is shown in Table 
11. In the comparison star, y Pegasi, the Fe 11 absorption lines have 
normal intensities. The great strength in P Cygni of Fe 111 lines 
originating from metastable levels confirms the results by Struve and 
Roach."® 

N II.—Has no metastable levels involved in the production of 
permitted lines in the observable region. Figures 8 and g summarize 
the observed results for the singlets and for the triplets. There is 
some selection in the emission lines similar to that observed in the 
shells of O-type stars. Struve’s observation’? that the low levels are 
privileged is confirmed. For example, all the transitions 3s'P* — 
3p'S, 'D and 3s3P° — 3p3S, 3P,3D are very strong; high-level 
lines which have similar intensities in the laboratory are much weak- 
er; the strong laboratory line \ 4447 is relatively weak in P Cygni. 
Among the singlets, the absence or extreme weakness of the low-level 
line \ 4895 (2p’ 'D° — 3p'P; lab. int. 4) is puzzling, but the spectral 
notation of this line is somewhat doubtful. 

Carbon.—Struve”’ has noticed the surprising faintness of the C 11 
and C 11 lines. Effects similar to those observed in V 11 appear also 
in Cu. The low-level doublet \ 6578 and 6583, — 3p’P°® (lab. 
int. 10 and 8; exc. pot. 14.4-16.3 v.), appears in emission, but the 
line \ 4267.20, 3d?D — 4f?F (exc. pot. 18.0-20.9 v.), which is much 
stronger in the laboratory, appears as a weak absorption and emis- 
sion. It would be interesting to observe the behavior of the 3p’P°’ — 
3d’D transition (AX 7231-7236; lab. int. 6 and 8) which connects the 


22 The following corrections and additions should be made in the paper by Struve 
and Roach (Ap. J., 90, 727, 1939): 

a) In the list of lines, p. 735, the Fe mt lines, \ 3329.89 and A 3306.71, are biG, 
— 23H} and b3G; — z3Hs. The line biG, — 23H? at 3347.7 is also present in 
emission. 

b) > 3324.85 attributed to S m1 on p. 751 is blended with Fe 11. 

c) 3919 of N 11 is present. 

d) \ 3437 of Nm has a weak absorption component. 
3856 of Sir is present in emission. 
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TABLE 10 
LINES IN P CYGNI 
(Region 6678) 


NNNNNNY 


ON 


IDENTIFICATION IDENTIFICATION 
Int. INT. 
Elem. r Int. Elem. 
O4 20E} Hp 4861.34 5765.52. 1A Nu? 
61 6A 5833.40. oE Fei | 5 
93 3E; | Het | 4921-93) 4 I 5872.07..| 10A\ | 
{5005.14} 10 5875.45.-| 
40 1E | NU |i5007.32] ? 5886.49..| 1A | Cu | 5889 
20 8A 5889.94..] 10 Val 5 
76 gE; | 5015.67 1,3 5895.90..} 8 Nat | 58905 
65 1E Siu 5041.13] 8 4 5920.15 1En | | 
og 2A Nu 5045.10] 8 5928.34 1E Feit | 5920 
15 oE | Het | 5047.74] 2] 3,4 || | Nu? | 
65 1E Sim | 5056.17] 10 | 1,3, 5 || 5952-93 1E Few pe 
69 1A Fei | 5073.78] 3] 3, 5978.49 3E \s¢ 
32 1A Feit? | 5078.93] 4 3 597 
55 1A Feu | 5086.69} 3] 3,6 599% .73 3E Feu | 5990 
13 tA 3 6031.90 3E | 6031 
37..| 6A\ | ‘ 6172.47 1E 
89..| ell | 5127.32 3 6220.54. 1E Fe 11? | 6220 
6A 6241.37. N 6242 
Feit | 5155.97] 4 3 6244.15. I All 6243 
12 2E 6277.74. 2A 
84..| 1A |/5193 89) 4 6283.46 1A Nu 6284 
g2..| 1E 5194.43| 4 6306.60 
37 oE Fer | 5235.30] 5 6340.08 1E N u? | 6340 
38 1E Few | 5243.26] to 6344.14 
58 6346.63. 3E Si 6347 
21 1A 5573-3 4 6361.40 
22 6A 6369.88..| 2E Sim? | 6371 
4E Vu 5666.64) 8 I,4 6374.74..1 2E 
73 1E : 6377.80..| 
3A} Nu 5676.02} 6 6379.07. . rE} 
24.. 4A} Nu 
\ 6558.10..} 20A\ | 
83 Cm 5605.8] 5 6562.83. .|100E/ 
17..| Alm 5606.47} 8 6570.75.. 1E Fe ur? 
s4..| Nu 5710.76) 6 6577.76..| 2E Cu 
7 1A Alm | 5722.65} 6 6582.37. 1E Cu 
5 3A\ 6611.02..| 2E Vu 
§ oF Sim 5739.76] 8 6674.82..} 8An)\ Hei 
96 oA Nu 5747-20] 4 6 6677.98..| sE f 
35 1A es ace 6 


NOTES TO TABLE 10 


Identified also by Beals, M.N., 95, 580, 1935. 

- The emission character is somewhat uncertain; may be two absorption lines. 
. Observed also by Struve, Ap. J., 81, 66, 1935. 

. Identified also by Kharadze, Zs. f. Ap., 11, 304, 1936 

. Has extremely weak absorption on violet edge. 

. Very weak emission perhaps present. 

. Observed by King in strong spark in air. 

Interstellar. 

. Separation from \ 5931.22 difficult. 

. Attributed to NV 1 by Kharadze. 

. Separation from A 6374.74 difficult. 

. Absence of A 5941.7 (8) a same multiplet makes identification doubtful. 
Double? 


’ Emission extends from \ 6559.02 to A 6567.29. The width measured by Beals is 8.8 A. 
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4858 
4861 
7 
4919 
4921 »4 
5006 8 
5013 
5040 
5043 
5047 = 
5055 
5071 
5077 
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5095 
5150 
5191 
5193 
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5568 
5571 
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upper level of \ 6578 and \ 6583 (16.3 v.) and the lower level of 
4267. Another transition similar to \ 7231 and \ 7236 is 3p’?P? — 
4s’S (exc. pot. 16.3-19.4 v. X 3918.98 and X 3920.68); this seems to 
be absent in P Cygni.?3 

C 1 behaves as it does in g Sagittae. The 3p'P® — 3d'D line at 
5695.8 appears both in absorption and emission,”4 while the 3s°S — 
3p°P° group AA 4651, 4650, and 4647, which is much stronger in the 
laboratory, is extremely weak in absorption. 

Silicon—The Si 1 lines \ 4128 and \ 4131, 3d°D — 4f?F° (lab. 
int. 8-10; exc. pot. 9.79-12.78 v.) are absent, whereas \ 5041 and 


TABLE 11 


COMPARISON OF THE TWO TYPES OF Fe III LINES IN LABORA- 
TORY SOURCES, P CYGNI AND y PEGASI 


INTENSITY IN 
P CyGNi INTEN 
TRANSITION SITY IN 
y Precast 
Abs. Em 
asD —zsPe 6 3 Absent 
a5D —z5P° 4 6 2 Absent 
58’S;— 5p’P4 We I I 


5056, — 4d?D (lab. int. 8-10; exc. pot. 10.02~12.47 v.) are 
present. This puzzling behavior was first noticed by Beals.”° It is 
typical for P Cygni type stars. In the red region we observe the low- 
level lines \ 6347 and A 6371, 4s’°S — 4p’P°. The ultraviolet line 
d 3856 is definitely present. 

Si m1 has already been discussed by Struve and Roach." In the 
visual region, \ 5739 is present almost entirely in absorption. Hence, 
the Si 111 triplets show exactly the same behavior as the singlets: the 
sS — pP® transitions appear in absorption and the pP — dD transi- 
tions in emission. This is the same phenomenon which we recorded 
for N m1 in g Sagittae. 

23 The very weak line near \ 3919 is presumably N 11 3919; it does not show du- 
plicity. 

24 The blending by A/ m1 will not affect the emission line, because the other compo- 
nent of the Al m1 doublet, \ 5722.65, appears only in absorption. 
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The peculiar selectivity of the emission lines is the most out- 
standing unsolved problem of P Cygni. It is incorrect to assume, as 
some investigators have done, that the lines have normal intensities. 
The usual effect of dilution does not explain these observations, al- 
though its presence has been demonstrated by Struve and Roach’s 
discussion of the He 1 and Fe 11 lines. 


2. Z Canis Majoris 

This is a variable star listed by C. Payne-Gaposchkin and S. Ga- 
poschkin among the objects of the R Coronae type?’ (m = 8.4-11.5). 
Merrill has described the spectrum near maximum brightness (m ~ 
g).° It was of the P Cygni type, the main features of the spectrum 
being bright H and Fe 11 lines with broad dark components on their 
violet sides. A spectrogram taken by Merrill at about the same 
magnitude, but 15 months later, showed conspicuous differences in 
the relative intensities of the absorption and emission lines of Fe I 
and 7iu. According to Merrill, the behavior of the spectrum in a 
measure resembles that of the “iron star’? XX Ophiuchi. 

Four spectrograms were taken near minimum brightness (m ~ 
11.5) with the McDonald quartz and glass spectrographs and the 
F/2 Schmidt camera. The spectrum resembles that observed by 
Merrill. H is very strong in absorption, except in the case of Ha, 
which is seen on our plates only as a strong emission line. ‘The emis- 
sion components of HS, Hy, and Hé6 are relatively weak. Cau 
shows a strong emission line and a very strong absorption line. Va1 
(D, and D, blended) is present as a very strong absorption line, with- | 
out emission. The strongest lines of Fe 11 are present in emission 
and, rather faintly, in absorption. There is a suspicion’? of forbidden 
[Fe 11] 4359 and 4287. A fairly strong emission line, without absorp- | 
tion, at \ 6296 may be identical with [O 1] 6300. 

The radial velocities measured on December 21, 1939, are given | 


25 Variable Stars, p. 290 (Harvard Obs. Mono., No. 5, 1938). 

26 Ap. J., 65, 291, 1927. 

27 Merrill listed no forbidden [Fe 11]. The Gaposchkins (their Table XI, II, p. 311) 
state that [Fe 1m] is present but attribute this to Vorontsov-Velyaminov (New Stars 
and Galactic Nebulae, p. 271, Moscow, 1935). This is probably based upon a mis- 
understanding. Vorontsov-Velyaminov does not actually state that |Fe 1] is present, 
and he remarks that his data are essentially those of Merrill. 
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in Table 12. The violet displacements of the H absorption lines are 
somewhat larger than those recorded by Merrill. The blended line 
of Na tshows a large violet displacement; the measured wave length 
is 5885.6. 


TABLE 12 
RADIAL VELOCITIES OF Z CANIS MAJORIS 

Line Absorption Emission Line Absorption Emission 
km/sec km/sec km/sec km/sec 
COW —122 +95 + 36 
+56 Fett 5018.... — 256 +130 
—170 +55 Fem 5169... — 207 + go 


3. BD+47°3487 


This star was announced by Merrill** as belonging to the class of 
P Cygni. Its spectral type is B3eq.?? No other description of the 
spectrum is known to us. The H lines show the P Cygni character 
conspicuously. Emission is present as far as He. The higher mem- 
bers of the Balmer lines are sharp absorption lines and can be traced 
on low-dispersion plates to H,.. There are several moderately strong P 
Cygni lines of Fe 11, especially the conspicuous multiplet a°S —z°P° 
(AX 4924, 5018, and 5169). On the other hand, the Fe 0 multi- 
plet b*P — z24D°, which includes \ 4233 and A 4352, is weak. This 
may not be abnormal. Ca K is a strong absorption line, without 
emission, which is displaced toward the violet and, therefore, origi- 
nates in the expanding shell. There are a number of weak, diffuse 
He 1 lines, having normal intensities and small displacements. These 
lines probably originate in a stationary reversing layer. The H lines 
also show traces of broad wings, of the Stark-effect type, on the red 
sides of the emission lines. Thus, the spectrum of the star itself is 
B3, with considerable rotation and Stark effect, while the shell with 
Fe t1and Ca I1is characteristic of much lower ionization. This differ- 


2 Ap. J., 76, 182, 1932 (Star No. 212). 
29 [bid., 78, 99, 1933 (Star MWC 374). 
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ence in the spectra of reversing layer and shell is typical for most 
stars of the P Cygni type in which the reversing layer can be seen 
through the shell. BD+47°3487 is in this latter respect similar to 
such stars as 17 Leporis and HD 190073, which show the spectrum of 
the reversing layer conspicuously, and it differs materially from 
P Cygni itself, which shows only the spectrum of the expanding shell. 
One plate shows a sharp line at 3959.0. This may be He 1 3965, 
which arises from the metastable level 2'S, and may therefore occur 
in the shell. But the violet displacement is excessive. The radial 
velocities are given in Table 13. The normal velocity of the He 1 
lines and the large velocity of expansion of the shell are conspicuous. 
The star should be useful for the study of dilution effects in the shell. 


TABLE 13 
RADIAL VELOCITIES OF BD+47°3487 


Line Absorption Emission Line Absorption Emission 
km/sec km/sec km/sec km/sec 

—159 +21 Fe 5018 —272 +19 
—175 +11 Fett 5169. — 237 +11 
eran —164 — 26 Het 4026 — 22 
re +24 Het 4144 — 24 
Fe 11 4233 —181 — 20 Het 4388.....| (+ 92) 
Fe il 4352 +41 


4. BD+11°4673 

This remarkable spectrum has been investigated by Merrill in the 
photographic and visual regions.*° Our results (Table 14) extend the 
list of lines into the ultraviolet region. Since the spectrum has some- 
what changed from that described by Merrill, we have extended the 
measurements to cover the entire photographic region. The for- 
bidden lines of [Fe 1] are very weak on our plate, and it is probable 
that the permitted lines of Fe 1 are also weaker than on Merrill's 
plates. NV m1 is strong on our plate, both in absorption and in emis- 
sion. It was absent on Merrill’s plates. He 1 4686 was present in 
emission in 1939, although it was absent on Merrill’s plates. S7 U1 
4567 was an emission line in 1939, as was also Sz 1m 4552, although 


3° [bid., 69, 330, 1929; 75, 413, 1932. 
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TABLE 14 
LINES IN BD+11°4673 


IDENTIFICATION IDENTIFICATION 
INT. NOTE INT. NoTE 
Elem. r Int. Elem. r Int. 
{Ca 1?| 3367.81 5 3805.74 2E Het 3805.75 I 3 
3308.4....] OE |;Cru? | 3368.05 | 150 3800.60...) 2E | Sim 3806.56 5 
Nut | 3367.36 7 3818.19...}| 4A\ 
Cre 3379.82 60 3819.56...) 3E/ Het 3819.61 4 
: Sim 3486.93 6 3835 .33-.- 6E} 3935-39 
3487.6....] 0 {Het 3838.09 I 
3520 3530 3838.06...| 2E Vu 3838.30 5 
3530.24...) I { Hr | 3530-70 | 500 Mgi | 3838.30 | 100 
3553.2 ap 8 5 80 
|| 3554-57 I 3840.72 oE | 80 
3570.52...| rE | Fer? 3570 14 100 3855.55 2E | Siu 3856.03 8 
3597.2 2 3862.3 1E | Siu 3862.50 6 
3586.2....] rA | Her)\ |)3586.55 9 Het 871.80 I 
22 <87 872.36 1E > 3 
g587.22:.. 1E Alu 3587 06 8 3572.3 Fei? 3872.51 60 
3597.44 7 
WSim 8 He I 3878.18 I 
3589.99 2E 5590-4 3878.04... OF 3878.58 | 100 
II: 3589.74 |1000 886.8 
35909.70...| oA | Alum | 3601 62 6 5388 Het 3888.65 | 10 
3601. 28...| 3E | Fet?| 3600.93 10 
3888.96...| 6E | As 3889.05 
3688 .$2...1 3012.35 4 
; Het 3613.64 3 3900. 41 oE Alu 3900.66 10 
3613.32...| IE Seu? | 3623 84 | 100 3905.45 2E | Si1 3005.53 10 
3033 3634.24 2 3014.41...| Vu? | 3914.33 | 250 
3034.32 2b 3918.56...] 1En| Nu 3919.00 6 
3654.50... ok All 3655.00 8 3926.62...] oE Het 3926.53 I 
3600.62 3933.78...| 2Es | Cam | 3933.66 | 40 
3666.05...] oF 27 3000.10 |.... 39037.96...| 2Es | N in? | 3938.52 4 
3667.86 ok Hae 3667 . 68 3963.00...| 4A) 
3069.35 1E Has 3009.47 3064 Het 3064.73 4 
3671.32...) rE | Ha, 3071 48 39067.95...| rEs| Cau | 3968.49 | 35 
3673.06... 2E H,, 3673.76 . 3969.89...| 7E He 3970.08 |. 
36070. 31.. 2E Has 3076.36 30904.91...] 3E Nu 3994.99 To 
3079.70 2E | Au 3979.35 4007.60...] 1A) 
3682 85 2E Be 3082.81 Het 4009.27 
> 4000. 37... 
3686.65 2E Ai, 3686.83 8 
3601.44 3E | Aus 3691.56 |... 4026.19 5 
3692.35 1E ; | 4026.25...| 4E 
3604.33 1E | Neu | 3694. 23 10 4087.76...| 8 
3007.97.. 3E 3007 15 |} 4089.26...] 1Ef| 
3703.99.. 3E Hy 3703.85 } 4096.17...] 3A , 
3705.44 3E | Her 3705.1 1007.67...| 2E Nin 4097. 31 10 
$707.32... Ge 4101.85...{10E Hs 4101.74 
Neu 3709.64 7 | 4114.81. 1A 
3708-92 of Fe? | 3709.26] 75 4115.92...] rE} | $116.10 8 
3712.02.. 3E Ths 3711.97 
3712.75 7 E/| Het | 4120.81 3 
37 1\New | 3713.00 | 10 
3719.78 1E | Fer? | 3719.95 | 250 s141.89...] 1A H 
3721.98 Hy, 3721.04 |.. 4143.84... 3E 4143.77 
3727.32 1E Veu 3727.08 9 2 4893.12. 1E Feu 4173.48 8 
V uP? 3727.35 |1090 | 4175.94 oF [Feu]? | 4177.22 |. 
3734.48 sE | Ass 3734.37 | 4178.97 2E | Feu | 4178.87 8 
3737.18 1E | Fei? 3737-14 | 150 4197.80 1A 4200.02 6 
Aus 3750.15 1\4199.99...| oF 4199.87 
3740.49 9 4226.61 oE | Cat 4226.74 | 500 
3754 79 ok Niu 3754.62 6 4230.51 1A I 
3757.71 oF | Fei? 3758.25 | 150 233.21 4233 
3770.63 4258.37.. 1E Feu 4258.16 3 
3770.65...| 5E Vin | 3771.08 4290.87..., rE | Tim 4290. 23 50 
3797.70 6E | Are 42906.75...| rE Fe 4296.56 6 
3798.52 oE 4302. 33 1E Tiu 4301.93 15 
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IDENTIFICATION IDENTIFICATION 
NOTE Int NoTE 
Int. Elem. Int 
4314.08 30 4548.42...) | Fen 4549.48 10 
4340.47 4554-19...] | Fem | 4555.90 8 
3- 4351.77 9 4567.63...] 2E | Sim | 4567.87 7 
at 4379.09 10 4576.02.. 2E Feu 4570.31 4 
4385.39 4583.53...| 3E | Feu 4583.84 II 
4416.28 4601.78...] rE | Nu 4001.49 8 
N 4427.21 2 4007.55.. 1E | Nu 4007.17 7 
N 4432.71 4610.68...| | Nu? | 4609.60 ° 
4442.99...| oE Tiu 4443.80 50 4620.29...] oEn| Nu? | 4621.40 7 
4447.26. Nu 4447.04 10 4629.29...| 3E Feu 4629. 33 
4450.27... {Fe 11]? | 4457.96 4634.15. sE 4634.16 8 
4469.41. 1A\ a 4040.51. 4E Nu 4040.64 10 
4471.78... 1E) Het 4471.48 6 4658.30 oF | [Ferm] | 4658.18 |.. 
4507.68...|] 1E Fe 4508.29 8 4665.06...| oF Feu? | 4666.75 2 
4$15.43...1 } Fen 4515.34 7 4685.06...| 4E | Hen 4685.81 
4520.69...| 1E Feu 4520.24 7 4700.12. rE | [Fei] | 4701.54 
4527.69...] oE |. st 4713.60. 3E Her | 4713.14 3 
4534.96...] oEn| Feu 4534.17 2 
| 
NOTES TO TABLE 14 


1. Double? 
2. Possibly with oA. 
3. Separation from \ 3800.60 difficult. 


the latter was blended with two Fe 11 lines. Sz 11 4575, although not 
measured, is almost certainly present as a very weak emission line. 

In the ultraviolet region the Balmer emission lines can be fol- 
lowed to H,;. The Balmer emission continuum is fairly strong. N 11 
is fairly strong. C tis very weak or absent. Silicon is present in four 
consecutive stages of ionization: S71, 11, 11, and Iv. Sz 11 shows the 
same behavior as in P Cygni: the lines \ 4128 and A 4131 (30?D — 
4f?F°; lab. int. 8-10), which are strong in A and B stars, are absent, 
whereas \ 5055 — 4d7D) and 5958 and 5979 (4p?P? — 
5s’S) are present. The presence of Mg1 and Ca1 is fairly certain. 
Fetis doubtful. Ou and O 111 are uncertain. 

The unusually large range of ionization represented in the spec- 
trum of BD +11°4673 is very interesting. It suggests that there is 
considerable stratification in the emitting shell. 

The radial velocities of the emission lines give, in the mean, — 1.6 
km/sec. The absorption lines of He1, N 11, and Si tv give —123 
km/sec. 
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5. RY Scuti 

This object occupies a special place among the P Cygni stars. 
Merrill" has shown that RY Scuti has HB, Hy, and Het 4472 in 
emission, Hy and \ 4472 being accompanied by weak absorptions on 
the violet side. Besides these three lines, Merrill observed a group of 
fairly strong bright lines at AX 4658 (int. 4), 4701 (2), 4734(1*), 
4755 (1), and 4770 (1). The strongest lines of this group had also 
been found in other objects—for example, in Nova Serpentis, where 
they are very intense, in Z Andromedae, BD +11°4673, etc. Their 
identification with the forbidden transitions of Fer, 3d°5D — 
3d° 3F, has recently been announced by Edlén and Swings.*? On a 
spectrogram taken on May 11, 1938, in the visual region, P. W. 
Merrill:3 has also found the forbidden lines of [N 11] at AX 5755, 6548, 
and 6584, together with He 1 5876 and Ha. There is some absorption 
on the violet side of D;, and D, and D, of Na appear as stationary 
lines. 

RY Scuti may be considered as representing a definite stage in the 
evolution of certain novae. These objects often pass through the 
n Carinae stage characterized by strong [Fe 1] lines; the next stage 
may well be characterized by |Fe 11]. ‘This is one of the reasons why 
RY Scuti deserves careful attention. Our present knowledge con- 
cerning the spectral type was summarized by C. and S. Gaposchkin*4 
as follows: “‘As there are almost no absorption lines in the spectrum, 
its spectral classification is difficult; it may be described as a bright- 
line spectrum of high excitation.” 

Seven spectrograms were obtained at the McDonald Observa- 
tory, on September 9, 14, 22, 23, 24, 29, and October 5, 1939; two of 
them were taken with the quartz prisms and the F/2 Schmidt cam- 
era, one with the quartz prisms and the 500-mm camera, and four 
with the glass prisms and the F/2 Schmidt camera. The star is 
greatly reddened; hence, different exposures are required for the 
different spectral regions. The results of the measures are collected 
in Tables 15 and 16. 

31 [bid., 67, 179, 1928. 

3? Observatory, 62, 234, 1939. 33 Private communication. 


34 Variable Stars, p. gt (Harvard Obs. Mono., No. 5, 1938). 
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TABLE 15 


ABSORPTION LINES IN RY SCUTI 


P. SWINGS AND O. STRUVE 


IDENTIFICATION IDENTIFICATION 
INT NOTE Int. NOTE 
Elem. Int. Elem | Int. 
I Om 3340.74 6 I Nu | 3995.00 10 
° Ou 3407.38 7 4010.3.. I Het 4009 . 27 I 
3428.6 I Owl? | 3428.67 3 4017.5. “Wa 
I Het 4026-6: 2 Het 4026.19 5 
° Het 3530.50 I Su 4028.74 7 
I Het 3554.50 I Ou 4069.90 7 
3574.1 Cul 4070.43 8 
3587.3...-. | Het | 3587.33 | 2 | 4088.86 | 10 
Ou 4089.29 7 
3636.2..:... ° Het 3034.28 2 4097.0.. I Vu 4097.31 10 
° Het 3652.06 I 4IOl.4.. 3 Hé 4101.74 
° Sul 3662.0 5 4104.3; 2 Vu 4103.37 9 
° 3673.76 4115.3 in | 4116.10 8 
3670 3679 36 Het 4143.82 2 
399: u 41. 5 § 
3094.6..... ° Vel 3604.22 10 
I 4162.80 4 
He 3705 07 3 4187.0 I Cu 4187.05 10 
4919.2 3711.97 4190.6 o |} On 4189.79 8] 5 
Ou 3712.75 7 4211.0 ° Siiv? | 4212.44 4 
nr | 3720.86 3 4207.27 | 20 
3725.0 o | Ou? | 3727.3 8 4340.4.. 3 {fy 4340.48 
3734.6 1 | As 3734.37 4354-9 
3749.4..... I Ou 3740 pe 9 4387.8 4 Het 4387.93 3 
o | Om | 3750.87 9 4416.5 o | On 
3770.3 | Au 3770.63 
8709.0...).-.. 1 | Ae 3796.22 3 || 4470-7 3 | Het | 4471.48 6 
3800.0 Meu | 4481.2 100 4 
2 Het 3819.61 4 | 4479.97 4 
3835.9...-- 3 | Hs 3835.39 : 
3870.8.. I Het 3871.82 I 4513 I Nu 59 7 
3888.6 (Het 3888.64 10 4552.. I 4552 61 9 
4 3889.05 4857 4858 74 2 
3902.5. I Sui? | 3901.55 7 Vu 4858.88 3 
Ou 3011.05 10 4 Het 4921.93 4 
3925.1...-- ° 3920.53 I I 
3033.9.. 3 | Cau | 3933.68 
I Het 3064.73 4 6395 2n 
3968.49 4 in| Niu 6453.95 3 
He 3970.08 
NOTES TO TABLE 15 
1. Double? 
2. Separation from A 3725.0 difficult. 
3. Separation from \ 3800.0 difficult. 
4. Interstellar. 
5. Line uncertain. 
6. Broad interstellar band from A 4415 to A 4445. 
7. There may be some emission at A 4557.6. 
&. Interstellar (Merrill \ 6203.0). 


=) 


. Interstellar (Merrill 4 6284). 


2 
| 
| 
| 
ye 
» 
* 


PECULIAR STARS 583 


General discussion—The absorption spectrum is fairly rich in the - 
ultraviolet region and is typical of an early type—say, late O or Bo. ie 
The elements represented are H, Het, N Nu, Omtand OO, 
weak C 1 and C 11; probably also S m1 and S 11, Si 1v and Si 11, and 
Mgu. The stationary lines H, K, and D,,,, and the interstellar 
bands AA 4415-4445, 6284, and 6203 are strong. = 


TABLE 16 


EMISSION LINES IN RY SCUTI 


IDENTIFICATION IDENTIFICATION 
Int. | V* NOTE Int. | N* NoTE 
Elem. Elem. 

4340.5 3 4 Hy 4340.48 5007.6 I 3 | (Om) 5007.6 
2 3 Het 4471.48 §...1 2 3 {Fe 11} 5010.86 
4574-7 ° 2 [Fe 111] 4573-29 I §032.2...| oO I [Fe 111} 5032.93 I 
4000.4 ° I [Fe 111] 4607.01 5040.1 I 2 
4623 I I [Fe 111] 5060.06 I 
4035.4 ° 4 Nut 4634.16 5117.2 I I {Fei}? | 5116.4 I 
4041.5 ° I Nut 4040.64 S830..5..1 3 2 |Fe uj? | 5135.2 I 
4058.2 5 4 [Fe 111] 4658.18 5270.3..:1° § 3 [Fe m1} 5270.30 
4070 2 [Fe 4067.10 I Cum 5695.8 
4086.4 2n 4 Hew 4085.81 §713 I I {Crim}? | 5712.7 
£104 3 4 [Fe 111] 4701.54 5732 2 
4733.8 I 4 | [Feut) | 4733.82 5755 3 2 | (Vu) 5755.0 
4750.3 I I {Fe 111} 4754.87 5787.5 I 
4709.3 I 3 {Fe 11} 4769.34 5834 I 
4777.6 I 2 |Fe 11} 4777.71 I 5853 I E Obvesacdpanemaeenes 
4861.5 10 4 ‘B 4861.34 5876 6 2 Het 5875.6 
4958 I {O 111] 4958.9 3 2 [N 6548.4 

Be 6 {Fe 111] 4085.00 10 2 a 6562.8 
4995 {Fe 111] 4985.99 6 2 [N 6583.9 


* V designates the number of spectrograms on which the lines were measured. 


NOTES TO TABLE 16 
1. Line uncertain. 
2. Present in NGC 7027 (int. 5), NGC 6572 (int. 1), and AX Persei. May be [Fe tv]. 


The emission spectrum shows Hy, H8, Ha, Het 4471 and 5876, 
He tt 4686, [N ut], [Om], and N m1 4634 and 4641. All the other 
strong emission lines are due to [Fe m1]. This should be compared 
with the case of P Cygni, where the permitted Fe 1m lines are so out- 
standing. There is no trace of permitted Fe 11 or Fe m1, or of for- 
bidden |Fe 1], in RY Scuti. 

The only bright He 1 lines are \ 4472 (2p’P® — 4d’D) and \ 5876 
(2p3P° — 3d3D), whereas the very strong transition 2s'S — 3p3P° 
at \ 3888 does not appear in emission. The lines \» 4635.4 and 
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4641.5 are the N 1 lines which appear so characteristically in 
emission in g Sagittae and similar stars (Sec. I). The line at d 5698 
may be C 56096. 

The bright-line spectrum is due to an ejected nebulosity surround- 
ing the star and is very rich in forbidden [Fe m1]. 

Forbidden lines of {Fe ITI\—According to the analysis of the Fe 
III spectrum by Edlén and Swings,*5 the ground level is 3d°*D, and 


TABLE 17 

FORBIDDEN LINES OF [Fe Ili} IN RY SCUTI 
Transition Predicted in RY Scuti 
SD—3F 4-4...... 4658.18 4658.2 (5) 
4607.01 4606.4 (0) 
4573-20 4574.7 (0)* 

4754.87 4756.3 (1) 

4701.54 4701.5 (3) 

4067.10 4670. (0) 
4769. 34 4769.3 (1) 
4733.82 4733.8 (1) 

4777-71 4777.6 (0) 

SD—3P 3-2...... 5270.30 5270.2 (5) 
5010.86 5010.5 (1) 
5060.06 5058. (0)* 

sD—3H 4-6...... 4985.99 4985.6 (1) 
5032.93 5032.2 (0) 


* Line somewhat uncertain. 


several metastable terms are based on the configurations 3d° and 
3d54s. The final term values are somewhat different from the ones 
used in the preliminary note. The forbidden multiplet *D — 
forms a prominent group of lines, the leading line being *D, — °F, at 
\ 4658.18; besides the five components observed by Merrill, four 
others have now been found. 

The forbidden multiplet 7D — +P may also be expected, and three 
components have been found in RY Scuti, the leading line being 
SD, — 3P, at \ 5270; this line is as strong as \ 4658. Hence, the two 
principal lines upon which an identification of forbidden |Fe 1] 


35 Unpublished. 


- 
| 
\ 
tg 
ee 


PECULIAR STARS 585 


should be based are *D, — 3F, at 4658.18 and ‘D, — 3P, at 
d 5270.30; next come °D, — °F; at \ 4701.54 and *D, — 3P, at XA 
5010.86. 

The multiplet *D — 3H also appears in RY Scuti, with *D, — 
3Hs (A 4985.99) and 5D, —3H; (A 5032.93). 

Several other very weak emission lines are present and may be- 
long to other forbidden multiplets, but a complete discussion of these 
very weak lines would require additional material. The observed 
lines are listed in Table 17. 

Summarizing, we may say that [Fe 111] shows only two very privi- 
leged transitions. °‘D, — at 4658.18 and — 3P, at Xr 
5270.30. This is fortunate, because it permits [Fe 11] to appear fairly 
easily when the excitation conditions are fulfilled, because the ex- 
citation energy is distributed among a small number of lines. 

It is quite certain that [Fe 1] must be present in many novae at 
a certain stage; but its detection may be difficult when the bright 
bands are wide, because of blending: 


[Fe 111} Neighboring Lines 
468. N m1 4634-4641; C 111 4650; C Iv 4650; 
O II 4649 
[Fe 11] 4728; [A 1v] 4740 
5010.86...... [O 111] 5007; Het 5016; Fe u 5018 
§270.90 [Fe 1] 5273; Fe u 5276; [Fe vu] 5276 


Remark concerning the forbidden lines of |Fe1v|.—The spectrum of 
Fe iv has not yet been classified. But the analysis of Fe m1 makes it 
possible to locate approximately the centers of gravity of the meta- 
stable states of Fe 1v:*° 


Fe m Few 
3ds (°S) 4s ocm-! ocm- 
(4G) 48 31,548 (4G) ~ 32,000 
(4P) 48 34,605 (*P) ~ 35,100 
48 37,861 (4D) ~ 38,500 
(4F) 4s 51,313 (4F) ~ 52,100 


The only transition in the observable region is 4G — 4F, requiring 
an excitation energy greater than 6 v.; it seems, therefore, that [Fe 
1v] should be weak. Several very weak emission lines appear in the 


3® See Edlén’s report to the Paris meeting of 1939. 
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region around AX 5000; X 5040.1 is also observed in AX Persei (see 
Sec. IV) and in NGC 7027, and may possibly be due to [Fe rv]. 

Variations in the spectrum.—tIn the Mount Wilson series, taken 
between 1921 and 1927, no appreciable changes** occurred in the 
spectrum. S. Gaposchkin*’ considers RY Scuti an eclipsing variable 
resembling 8 Lyrae. The radial velocities determined by Merrill 
from the emission lines show little variation. But this is no proof 
against the binary nature of this star. 


TABLE 18 
OBSERVATIONS OF RY SCUTI 


VELOCITY OF A 4472 
IN KILOMETERS 
DATE PHASE PER SECOND DESCRIPTION OF 
1939 IN Days SPECTRUM 
Abs. Em. 
1.04 = 002 Absorptions very strong. No emission 
at Hel 4472 
Sent: 3.89 —170 1 Absorptions moderately faint. Emis- 
sion at He 4472 strong 
4.74 —183 |........] Absorptions faint 
4.86 — 100 +39 Absorptions faint. Emission at I 
4472 present 
Sept. 14:16... .. 6.08 —128 |........] Absorptions strong. Emission at He I 
4472 absent 
Sept. 29.07.....| 9.86 — 135 +22 Absorptions faint, but \ 4472 is sharp. 
Emission at He 1 4472 present 


Our spectrograms show rather marked changes in the intensities 
and profiles of the lines. The material is not sufficient to prove con- 
clusively that these changes follow Gaposchkin’s period, P = 
11.124939 days, but they certainly take place within intervals of a 
few days. Using the last published minimum confirmed by the ob- 
servations of J. G. Baker,3? min. = JD 2428413.21, we compute the 
phases in days (Table 18). 

Since only one line was measured, the scatter is no larger than may 
be attributed to errors of measurement. The mean of the three emis- 
sion-line velocities is +21 km/sec, which compares reasonably well 
with Merrill’s result, +30 km/sec. The absorption lines show P 
Cygni character throughout the period of 11 days. It is perhaps sig- 


37 Harvard Ann., 105, 511, 1937. 
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nificant that these absorption lines are strongest immediately fol- 
lowing the primary minimum determined by Gaposchkin. It will be 
recalled that in 8 Lyrae the B5 component is also strongest soon after 
primary minimum. This component is essentially a P Cygni line.** 
On the other hand, it is certain that RY Scuti has no such large range 
in velocity as that observed in 8 Lyrae, for which 2K = 367 km/sec. 


III. OBSERVATIONS OF Be STARS 
1. ¢ TAURI 


Attention has recently been drawn toward early-type stars sur- 
rounded by extended shells;3? a typical example is ¢ Tauri, which 
shows at times conspicuously sharp //e lines at AX 39655 (28'S — 
4p'P’), 5016%° (2s'S — 3p'P*), and 3889%° (28'S — 3p3P°), whereas 
all the other observed He lines are greatly broadened. Struve and 
Wurm have shown that this is due to the metastability of the 2s'S 
and 2835 levels and to the resulting much higher populations of these 
levels in the case of dilution of radiation. The lines of ionized metals 
also arise from the shell and are not constant in intensity. 

Ultraviolet spectra of ¢ Tauri have recently been secured with 
the McDonald reflector. The series 2p'P® — (to = 9), 
2p'P® — ns'S (to 2 = g), 2p'P® — nd'D (to m = 14), and 2p3P° — 
nd’D (to = 10) are represented by very broad lines of relatively high 
intensity. The broadening of both the 2pP® — nsS and 2pP® —nd D 
series is obviously in agreement with the hypothesis of rotational 
broadening of these stellar lines. 

On the contrary, He 1 3613.64 (2s'S — s5p'P°) appears as a rather 
sharp line, which is in agreement with the metastability of the 2s'S 
level. 

Our Process plates do not show the double Balmer continuum ob- 
served by Barbier and Chalonge,* beginning around X 3720 and 
d 3660, respectively, which they attribute to the stellar reversing 
layer and to the shell. This presumably indicates that the continuous 


38 Struve, Observatory, 57, 265, 1934. 

39 Struve and Wurm, Ap. J., 88, 84, 1938. 

4° Biermann and Hachenberg, Zs. f. A p., 18, 89, 1939; Davis, Pub. A.S.P., 52, 147, 
1940. 

4 Ap. J., go, 627, 1930. 
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hydrogen absorption is also variable. Incidentally, it should be no- 
ticed that the presence of strong, broad absorption lines of He I may 


distort the continuous background. 
The sharp Balmer series due to the shell is easily followed to 
H,.; the Balmer continuum is rather strong and weakens several 


stellar He 1 lines. 


TABLE 19 
METALLIC LINES OBSERVED IN THE ULTRAVIOLET SPECTRUM OF ¢ TAURI 
IDENTIFICATION INTEN- IDENTIFICATION INTEN- 
SITY IN SITY IN 
Elem. Int.| Elem Int. NI* 
3243 8...] 1 | Fem | 3243.72 8 3 3434.3..-| 2 | Crm? | 3433.70] 75 8 
3247.3.. 2 Feu 3247.17 9 5 $443.9. 2 Mnit | 3441.98 30 8 
SESS: 72: I Feu 3255.88 8 4 3454.6 I Ni? | 3454.17 5 2 
3259.1.. 2 Feu 3258.77 10 6 3400.3 I Mn | 3460.33 20 6 
Feu 3259.05 10 3408 8 I Feu 3468. 68 8 4 
3276.1 I Vu 3276.12 |1500 3bl |] 3474.2 I Mn | 3474.06 8 0 
3281.2.. I Feu 3281.29 7 4 Mnit | 3474-15 8 
3289.2 . I Feu 3289.35 7 3 3482 9 ° Mnu | 3482-91 12 6 
3205.4. ; I Cru 3205.42 30 10 3488 3 ° Mn | 3488.68 10 5 
Feu 3295.81 6 3493.2. Feu 3493.47 8 
3306.9 I Cru 3307.04 30 3 3510.9 I Tiu 3510.85 60 4 
3329.5.. 2 Tiu 3329.48 70 5 3513.9 I Niu 3513.94 5 
3335-0. - 2 Cru? | 3335.28 30 Obl || 3556.9 I Vu 3556.80 |1500 3 
3341.6 I Tiu 3341.84 | I00 5 3585.7 2 Cru 3585.31 60 10 
3342-5... I Cri 3342.51 50 5 Cru 3585.54 40 
3340:7.. I Tiu 3349.42 | 125 10 3590.1 I Tin 3590.05 60 3 
3358.7.- I Cru 3358.50 75 5 3621 4 I Feu 3021.27 6 5 
3367.6.. I Cru 3368.05 | 150 7 3624.9 I Tiu 3624.84 70 4 
3372.6...] 1 Tiu 3372.82 | 100 7 3631.0 I Cru? | 3631.49 50 8 
3373.7...) 1 Niu? | 3373.98 4 3 3040.6 I Ti? | 3641.34 | 100 4 
$560.8...51 -% Cru 3379.82 60 obl 3715.4 I Cru 3715.19 20 5 
3383.8f..| 2 Tiu 3383.77 | 125 6 Crit 3715.45 18 
@$67.9..:1 Tiu 3387 .85 5° 5 3759 6 2 Tiu 3759.30 | 200 6 
3394.1 I Cru 3393.86 30 6 Feu 3759.46 6 
Cru 3394.32 30 3762.4 I Tit? | 3761.32 | 200 6 
3403.4.. I Cru 3403.32 | 100 6 3845.3 2 3 
3407.3. I Niu 3407 32 8 4 3853.3 I Siu 3853.67 3 3 
3409.4. . I Cri 3408.77 | 150 6 3856.2 2 Siu 3856.03 5 
3421.5 I Cr rt 3421.20 75 7 3862.9... 2 Siu 3862.59 6 6 
3422.7.. 2 | Crur | 3422.74 | 125 7 3935.9 1 | Feu | 3935.94 ) 3 


*O. Struve, Ap. J., 90, 699, 1939. t May be partly interstellar. 


The new Process plates reveal many metallic lines in the ultra- 
violet region which are much sharper than the He 1 lines and thus 
arise in the outer shell. Most of these lines are at the limit of visibil- 
ity. The identified lines have been collected in Table 19. There is 
good evidence for the presence of Siu, Fe u, Niu, Cr u, and Mn ur; 
Ti 11 is probably present and the two strongest lines of V I are sus- 
pected. The unidentified line \ 3845 observed by Struve in the A- 
type stars” is also present. The Sz 1 lines are appreciably broadened, 


# Ap. J., 90, 699, 1939. 
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compared with the cores of the Balmer lines. The other metallic 
lines are sharp, although not as sharp as the Balmer cores. All the 
observed absorption lines, except the sp??D — 4p?P° transition of 
Sit, arise from a lower metastable level, in good agreement with 


the theory. 


2. THE VISUAL REGION OF y CASSIOPEIAE IN MARCH, 1940 


Struve and Elvey“ have recently found that the absorption lines 
of Fe 111 were strong and sharp in y Cassiopeiae during the first part 


TABLE 20 
Fe 111 LINES IN THE VISUAL REGION OF y CASSIOPEIAE 


y CASSIOPEIAE LABORATORY 
r Int. r Int. Transition 
5063.7 I 5063.4 2 o-! 
5074.1 I 5073.8 3 I-I 
5086.7 I 5086.7 3 2 
5114.4 Predicted I-2 
{3-2 
5127.7 4 5127.3 6 ae 
5156.1 4 5156.0 4 4-3 
5194.0 2 5193.9 4 pe 


of 1940. We obtained two grating spectrograms on March 16, 1940, 
extending from Hf to Het 6678. Besides strong HB (central ab- 
sorption with emission borders at distances of 1.98 A), Ha, Het 
[4713 (3A), 4922 (4A), 5016 (6A), 5048 (1A), 5876 (6A, 3E), 6678 
(sA)], weak Si 11 [6347 (1A, 1E), 6371 (1A, 1E)], and very weak N 1 
and O 1 (?), the spectrum shows only the a‘D — 4p°P° multiplet of 
Fe ut. All the components of this multiplet are present (Table 20). 
The lower level a5D is metastable. The situation is similar to the 
case of P Cygni, where a‘D — 4p‘P’ is also outstanding in the visual 
region, five components having been observed; but since the intensity 

43 The ultraviolet region of ¢ Per also shows the sharp He 1 line \ 3613.64. The three 


Si lines are present, as well as the unidentified line \ 3845.3. Sharp lines of 7i 1 
and Cr 1 may be present, but the measurements are uncertain. 


44 Pub. A.S.P., §2, 140, 1940. 
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gradient in y Cassiopeiae is not as steep as in P Cygni, the multiplet 
is more fully represented. 

The observed Fe 111 multiplet is the only one classified in the visual 
region which starts from a metastable level. Because of the strong 
dilution effect, the lines starting from metastable levels are greatly 
enhanced; for example, 5243.26 (4d7D, — sp’P{; lab. int. 10) 
and 5833.65 (5s’S,; — 5p’P%; lab. int. 10), which start from ordinary 
excited levels, are both absent. There is no other Fe 1 line which 
may be identified with certainty in the visual region of y Cassi- 
opeiae. 

3. 143 

This spectrum has not appreciably changed since Merrill’s ob- 

servations* in 1931 and 1932. In the visual region, Ha and He1 D, 


TABLE 21 
RADIAL VELOCITIES OF MTW 143 
Element No. of Lines Velocity 
km/sec 
—52 


are very strong emissions. In the ultraviolet region H/¢ is extraordi- 
narily strong—doubtless because it is blended with He1. The last 
Balmer line seen in emission is H,. Beyond this line there is only a 
suspicion of bright He 1 3820. The continuous spectrum on the vio- 
let side of \ 3820 shows no absorptions or emissions. The permitted 
lines of Fe 11 are fairly strong, but there are no forbidden lines. Fe 111 
is absent. No absorption lines could be seen with certainty. The 
radial velocities from the best plate are summarized in Table 21. 
The agreement with Merrill’s mean velocity of — 46 km/sec is satis- 
factory. The absence of Mg 11 4481 in emission is conspicuous, in 
view of the great strength of Het and Fe 11. 


4. HD 218393 
This is a remarkable representative of the small group of stars 
having extended atmospheres in which dilution of radiation sup- 


4 Ap. J., 77, 49, 1933- 
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presses lines which do not originate from metastable levels or from 
the ground levels. The spectrum has been described“ by Merrill and 
by Harper. Ha is a strong emission line; H isa fairly strong, double, 
emission line with weak absorption borders. The other Balmer lines, 
up to H,,, are sharp and deep absorption lines. Hy, Hé, and He 
show traces of the double emission lines, and all Balmer lines give 
evidence of very weak Stark-effect wings. These wings are much 
weaker and narrower than in 17 Leporis and HD 190073—in keeping 
with the earlier spectral type of the reversing layer. The He 1 lines 
are very broad, and rather faint. Mg 1 4481 and Si 11 are weak and 
intermediate in width. Several lines of Fe 11 are very sharp and re- 
semble the cores of the H lines. The whole spectrum bears a decided 
resemblance to that of ¢ Tauri, but Ca 11 is very strong in the shell 
of HD 218393, while it is weak in ¢ Tauri, and the former shows no 
sharp lines of He 1 arising from metastable levels. The shell of HD 
218393 corresponds to a lower degree of excitation than that of ¢ 
Tauri. The progression of line widths from H to He is, however, 
similar and suggests in both cases stratification of the extended at- 
mosphere. 

The variability of the sharp a Cygni lines has already been com- 
mented upon by Merrill. Our plate shows them faintly. Merrill as- 
signs to HD 218393 spectral type Ave; Harper proposes Bop; and 
the Henry Draper Catalogue gives Asp. The discrepancies in these 
data are due to the variability of the spectrum, on one hand, and to 
the intrinsic peculiarity of the spectrum, on the other. Evidently the 
reversing layer is of type B3 or B5. The large variations recorded by 
Harper and Merrill in the velocities of the Het lines suggest that 
the star is a binary—perhaps like ¢ Persei‘? or ¢ Tauri. The outer 
shell corresponds to a later type, but because of the effect of dilution 
it is futile to assign it to a definite class. The radial velocities from 
our plate are summarized in Table 22. The large negative value de- 
rived from He 1 agrees with Harper’s result in 1931 and 1932. Mer- 
rill obtained positive velocities in 1923. The available material is 
insufficient to trace the variations in velocity. 

4 Merrill, Ap. J., 72, 109, 1930; 78, 109, 1933 (Star MWC 397); Harper, Pub. Vic- 


loria, 7, 94, 1937. 
47 Hynek, unpublished. 
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5. HD 186568 

This is not a Be star. Ha is a strong absorption line, and there are 
no other emission lines. The star was placed on the observing pro- 
gram because Harper“ had called attention to the fact that, while 
Het 4472 is broad and fuzzy, He1 4026 is sharp. Our plate shows 
that Mg 1 4481, Ca K, and Het 4009 are extremely sharp. The 
Si 1 lines are fairly sharp. He 1 4472 is diffuse, and He 1 3820 is very 
diffuse. On our plate, He 1 4026 also looks slightly diffuse but per- 
haps less so than does He 1 4472. The H lines are very strong and 
show large broadening by Stark effect. It is surprising that He 1 4009 
should be sharp, while He 1 4388 does not show. The lines of He1 


TABLE 22 


RADIAL VELOCITIES OF HD 218393 ON 
SEPTEMBER 9, 1939 


Element No. of Lines} Velocity 

km/sec 

Sharp H 19 —26.1 
Diffuse He I. Aon 4 —99 

Slightly diffuse Si 5 — 8.1 

Slightly diffuse Mg II... . I —59.4 


which become strengthened when the radiation is diluted are not 
present. Hence, there is no reason to suspect the existence of an ex- 
tended atmosphere. The ultraviolet region of the spectrum is nor- 
mal and shows weak indications of the strongest Mn 11 lines. There 
is no similarity to HD 218393 or ¢ Tauri. The radial velocity from 
our plate is —18 km/sec. The mean from Harper’s three plates is 
—12 km/sec. 
6. HD 160529 : 

This star, classified as Oe5 in the Henry Draper Catalogue, was 
found by Merrill, Humason, and* Burwell‘? to possess a bright line 
at Ha, while “the dark 178 line is weak as if partly neutralized by 
emission.” The rest of the spectrum was similar to that of a Cygni. 
Our observation confirms the similarity to a Cygni, but //@ is an 


48 Pub. Victoria, 7, 79, 1937. 499 Ap. J., 76, 159, 1932. 


¥ 
| | 
| 
) 
4 


PECULIAR STARS 593 


emission line of the P Cygni type. Several strong Fe 11 lines, espe- 
cially the strongest members of the multiplet a°S — z°P®, AX 4924, 
5018, and 5169, show weak emission lines with violet absorptions. 
The star is clearly a P Cygni type object and resembles 17 Leporis.*° 
The latter has a strong emission line at Ha* and occasionally a very 
weak P Cygni type emission line at H8. The Fe 11 lines have often 
been suspected of having faint emission borders on their red sides, 
but this has not been proved. 

In HD 160529 the strongest absorption lines are H and K of Ca 11. 
They are broad and deep, suggesting a large amount of turbulence. 
The mean radial velocity derived from these two lines is — 91 km/sec. 
There can be little doubt that they originate in an expanding 
shell. The H lines are remarkably weak. Were it not for the P Cygni 
character of HB we should be inclined to attribute this to low hydro- 
gen content, as in v Sagittarii..? Our plate does not extend to the 
limit of the Balmer series, and we have no record of the drop in the 
continuous spectrum. The velocities derived from the H lines show 
a considerable range. The strongest lines give: 


Hé........... 62.5 km/ece 


This apparent increase in the velocity of expansion as we pass from 
the weaker lines near the Balmer limit to the stronger lines showing 
P Cygni structure is common in the spectra of expanding shells. A 
similar effect is present in Fe 11, the mean from all thirty absorption 
lines being —67 km/sec, while the members of multiplet a°S — z°P? 
give 


\4924....... —109.1 km/sec 
gorS....... 333.9 
§169....... 136.7 


Table 23 gives a summary of the radial velocities. Mg 11 4481 isa 
fairly strong and sharp line. Since we know that dilution of the radi- 
ation tends to weaken this line, it is reasonable to suppose that it be- 
longs to the reversing layer, not to the outer shell. The radial veloci- 

5° Struve, Ap. J., 76, 85, 1932. 51 Ap. J., 90, 727, 1939. 

8? Struve and Sherman, Ap. J., 91, 428, 1940; Greenstein, Ap. J., 91, 438, 1940. 
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ty of the reversing layer would then be —33 km/sec; and the maxi- 
mum velocity of expansion, with respect to the reversing layer, 
would be of the order of — 100 km/sec. 


TABLE 23 
RADIAL VELOCITIES OF HD 160529 ON SEPTEMBER I1, 1939 


Element No. of! Velocity Element No. of! Velocity 
Lines Lines 

km/sec km/sec 

H (absorption)....... 9 —49.2 V ut (absorption) .... 2 —30.5 

H (emission)......... I +39.0 Cru (absorption). .. 15 — 30.4 

Feu (absorption)..... 30 —67.1 Ca (absorption) . . . 2 

Fe (emission). ..... 4 +32.3 Sc u (absorption)... 2 —19.5 

(absorption). ... — 33.6 Niu (absorption). . . I —45.2 

Sim (absorption)..... —37.2 Mg (absorption) I — 32.9 
7i u (absorption)..... 24 —42.3 


The H lines show no wings produced by Stark effect, and if our 
interpretation of Mg 1 4481 is correct, the reversing layer is that of 
a supergiant, like a Cygni. 

7. HD 190073 

The remarkable structure of the Ca 1 lines and the presence of 
bright Va 1 D,,, was announced by Merrill.53 The H lines were de- 
scribed by him and by Beals.5+ The spectrum has not changed much 
since 1928. The emission lines of 77 u and Fe 1—all permitted—are 
fairly conspicuous on our plate. The strong Fe 11 lines AX 4924, 5018, 
and 5169 show P Cygni structure, but the violet absorptions are 
weak, while the emissions are strong. Several other strong Fe 11 lines 
also suggest P Cygni structure. The emission lines of H are 
conspicuous as far as 6; they are quite broad and, in the case 
of Hé and Hy, may be centrally reversed. Otherwise, the H lines 
agree with Beals’s description. He is complicated by Ca ut H, 
but H¢ seems to show an exceedingly weak double emission line. 
The higher members of the Balmer series are in absorption only. 
These lines are unusually strong and give indication of large Stark 
effect. The wings of the higher members blend so that the back- 
ground of the continuous spectrum rapidly declines toward the vio- 


33 Ap. J., 77, 51, 1933- 54 Pub. A.S.P., §1, 219, 1939. 
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let. The continuous spectrum on the violet side of \ 3647 is very 
weak. This feature permits several emission lines to stand out con- 
spicuously against the faint continuous background. The emission 
lines, measured in the ultraviolet region and between the Balmer 
lines, are given in Table 24. These emission lines are fairly broad, 
suggesting a considerable dispersion in the motion of the shell. 

In addition to the absorption lines described by Merrill, there are 
a number of faint but sharp absorption lines of Si 1m (AX 3854, 3856, 
3863, 4128, and 4132), of Fe 1 (violet borders of emission lines), and 
a few others, some of which have not been satisfactorily identified. 


TABLE 24 


EMISSION LINES IN HD 190073 


Line Intensity Line Intensity 

Ti 11 3596.06. 2 I 
Feit 3608.87. CO 12 
Cr II 3631.49. . 3 2 


For example, a line at \ 3814 can hardly be the faint Fe 1 line 
3814.12 or the 77 11 line 3814.60. 

The structure of the Ca 1 lines agrees with Merrill’s description. 
The only difference is in the position of the faint narrow emission 
within the broad violet absorption component. On Merrill’s plates 
this emission was unsymmetrically displaced toward the red from 
the middle of the absorption line.6* On our plate the emission is 
clearly displaced toward the violet side of the middle of the absorp- 
tion line. The radial velocities agree well with those published by 
Merrill. 

The most significant fact about HD 190073 is the existence of an 
undisplaced reversing layer of high density in which the Stark wings 
of the H lines originate. Superposed over this spectrum is the P Cyg- 


55 See Merrill’s Fig. 1, Ap. J., 77, 53, 1933- 
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ni type structure produced in the expanding shell. The similarity 
of this phenomenon to that observed in 17 Leporis has been dis- 
cussed elsewhere.*° 


8. STARS WITH FORBIDDEN [Fe |] LINEs 


Fe 11 has a large number of metastable levels of multiplicities 6, 
4, and 2 based on the configurations 3d°4s, 3d’, and 3d54s*. In Dob- 
bie’s table,’ all the 24 levels up to 38,215 cm‘ are metastable. 

It is well known that Merrill5* has identified several [fe m1] multi- 
plets in » Carinae, and these lines have subsequently been found in 
many other stars. Heretofore, only the following transitions have 
been observed :5? 

—b4F 


—b4P —aiG 
—b‘F —b4P 
—atH 


The two lowest metastable levels are a°D and a‘F, the next one be- 
ing a‘D. It is safe to expect the two multiplets a°D — b*D and 
a‘F — b*D. These groups of lines are in the observable ultraviolet 
region. We should also expect other transitions, such as a‘D — b’D, 
which arrive in the higher level, a‘D. No transitions involving dou- 
blet terms have been found thus far, and several such multiplets may 
be expected. 

In order to search for these lines, we selected a number of stars 
having strong [Fe 1] lines. Our program included WY Geminorum, 
W Cephei, Boss 1985, Boss 5481, BD+11°4673, HD 45677, etc. 
Among these stars, WY Geminorum and Boss 1985 proved to be best 
suited for our purpose. 

WY Geminorum (HD 42474, mag 7.4-7.9) varies irregularly and 
rather slowly. It was classified at Harvard as ordinary K5 and at 
Mount Wilson® as M3ep. It is most certainly a multiple object, the 
ultraviolet region being perfectly free from the late-type spectrum 
and showing broad Balmer lines, down to H,;, with sharp centers. 


56 Struve, Proc. Nat. Acad., 26, 117, 1940. 


57 Ann. Solar Phys. Obs., Cambridge, 5, Part I, 1938. 


38 Ap. J., 67, 391, 1928. 59T. S. Bowen, Rev. Mod. Phys., 8, 80, 1936. 


60 Adams and collaborators, A p. J., 81, 220, 1935. 
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There is a sharp and narrow line of Ca 11 K. A strong line at \ 3820 
must be due to He. The earlier component is of type B3. Red- 
man* observed the photographic region of the spectrum with a dis- 
persion of 92 A/mm at Hy and found six emission lines, five of which 
had been identified as [Fe u]; the sixth line is \ 4068.8, which Red- 
man believes is also due to [Fe m]. 

The star W Cephei is similar to WY Geminorum. It was classified 
as Kp at Harvard and as Mep at Mount Wilson, and it also shows 
[Fe 11] lines, though they are weaker than in WY Geminorum. The 
continuous spectrum extends far into the ultraviolet, and there is a 
strong, but sharp, line at Ca 1 K. The Balmer lines are not clearly 
seen in the ultraviolet region, but there are several other absorption 
lines which we have not yet fully identified. The strongest is at 
d 3708. This is probably not Fe I 3710, because the stronger labora- 
tory line Fe 1 3720 is not pronounced in the star. The spectrum is 
mostly continuous, but some of the weaker features may be due to 
Fe. It is possible that the spectrum of a bright late-type star is 
combined with that of a relatively faint star of very early type—so 
early, in fact, that the Balmer absorption lines are no longer visible 
with the small dispersion which we have used for the ultraviolet re- 
gion. 

Boss 1985 (HD 60414-60415), classified as K5 + Be at Harvard 
and as M2ep at Mount Wilson, is also a double object, consisting of 
an M star and a Be star. It is known to possess [Fe 1] lines. The 
structure of the H lines is remarkable. A bright line of appreciable 
width is flanked on the red side by a narrow, deep absorption line; 
and this structure is superposed over a broader line, having Stark- 
effect wings, especially on the violet side of the emission line. The 
emission line is strong in He, H¢, and H,. It can still be detected in 
H,.. The higher members of the Balmer lines are well visible, and 
their strength, as well as the intensity of He 1 3820, suggest that the 
type of the earlier component is B3e. The blending with the late- 
type star renders it difficult to identify the absorption lines even in 
this region. 

Boss 5481 (HD 203338-9) is a visual binary (Ko + Ao at Har- 
vard; Ksp at Mount Wilson); the [Fe 1] lines are present but are 


§t M.N., 92, 118, 1932; Pub. Victoria, 6, 34, 1931. 


4 
| = 
2 
Gig 
| 
| 
} 
a 


598 P. SWINGS AND O. STRUVE 


much weaker than in Boss 1985. On our plates the earlier component 
is clearly of type B2: the He 1 lines are strong, and there are lines of 
O11. This spectrum predominates on the violet side of Hy; but even 
HB, belonging to it, is still clearly visible. The forbidden [Fe 1] lines 
are very weak, and it is probable that they originate in the outer at- 
mosphere of the K star. The binary is listed by Aitken as No. 14864. 
The components have magnitudes 5.6 and 9.9; their separation is 
about 5” in position angle 45°. It is doubtful that the light of the 
fainter visual component has entered the slit of the spectrograph. 
The brighter component must itself be composite, and the excitation 
of the gases in the K star by the B star is doubtless responsible for 
|Fe m| lines. The relatively great intensity of the B star is disadvan- 
tageous to the emission lines, and it is possible that they are intrinsi- 
cally as strong as in other stars of this group. 

BD +11°4673, already considered in Section II, and Z Androme- 
dae, which will be discussed in Section IV, were poor in |/e 11] at the 
time of our observations. 

HD 45677 was richer in [Fe 1] and confirmed the results obtained 
from the other stars. The spectrum has not changed appreciably 
since the time of Merrill’s observations." This star is not composite 
in the sense that a late-type spectrum is superposed over that of an 
early type. The spectrum of the reversing layer shows fairly broad 
lines of He 1 and sharper lines of Ou, Cur, V 1, and Mg nn, together 
with very broad Stark-effect wings of H; it is of type Bz. The shell 
is responsible for the emission lines of Fe 1, [Fe 11], [O 1] 6300, etc., 
for the emission lines of Ha, 78, Hy, and Hé6 and for the exceedingly 
sharp central absorption lines of H which are followed to H,, or H 5. 
The radial velocities from the lines of the shell agree with those from 
the reversing layer. It is significant that the sharp component of H¢ 
is not greatly strengthened, and that He 1 3965 is not visible as a 
strong, sharp line. Evidently He 1 is not excited in the shell; other- 
wise we should see those lines which arise from metastable levels. 
The Ca 11 K line is sharp and fairly strong. Its velocity agrees with 
that of the other lines. 

Our investigation is based mainly on WY Geminorum and Boss 
1985, and we decided to confine the present discussion to the region 
of wave lengths shorter than \ 4000, which is practically free from 


62 Ap. J., 67, 405, 1928. 
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the spectrum of the late-type component. The permitted lines of 
Fe 11 are weak compared with the forbidden transitions. Our results 
for the newly observed forbidden multiplets are collected in Table 25. 


TABLE 25 


NEW FORBIDDEN TRANSITIONS OF [Fe II| 


Observed in Observed in 
Transition Predicted B 1985 
Lower Level 
3290 (2) 3289.4 (2) 


Lower Level a‘F 


3376.2 3376.6 (2) 3376.2 (3) 
Fy, 3387.1 3387.8 (1) 3386.9 (1) 
Fy, Day 3452.3 3452.2 (2) 3452.0 (1) 
F;;. 3501.6 3502.1 (2 bl) 3501.5 (2 bl) 
Fx, Diy 3504.5 
404.6 3504.4 (4) 3504.2 (4) 

| 3539-1 (3) 3538.8 (3) 
Lower Level a*D 
a‘D,,,—a?S,..... | 3502.0 3502.1 (2 bl) 3501.5 (2 bl) 
D:,,—b?Diy.. . | 3625.8 3626.5 (4) 3626.5 (5) 
Diy—CDiy......--| 3385.0 3385.0 (1) 3385.8 (1) 


The following conclusions have been derived: 

1. The excitation potential reached is 4.72 v. instead of 3.2 v. 

2. No |Fe 1] transition has been observed between doublets and 
sextets. On the other hand, several forbidden lines connect meta- 
stable doublets and quartets. 

3. In the a°D — b‘D multiplet, the spectral region observable 
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with our instrument permitted only the observation of the }—} tran- 
sition at 3289.5. 

4. Forbidden lines arriving at the a‘D level are observed. Several 
new forbidden multiplets which should appear above \ 4000 may 
be expected, since the [Fe 11] spectrum is so strong in these stars. But, 
owing to the presence of the late-type component, our present mate- 
rial is not sufficient for a systematic discussion of these multiplets, 
although it does show several new forbidden lines.* 

5. In the a*F — b‘D multiplet the observations are roughly in 
agreement with the relative intensities computed from the formulae 
by A. Rubinowicz.°4 

TABLE 26 
FORBIDDEN TRANSITIONS a°S—b4D OF [Cr II] 


Transition d Predicted Observed 
2) 3 3903.2) 
4- > ? 
25 3992.9 
Qc 2 
3001 .8| 3093.2 (3) 
2}. 3991.1 


6. The spectra of WY Geminorum and Boss 1985 are so rich in 
[Fe u| that it is interesting to search for forbidden transitions of 
other singly ionized metals. A fairly strong line measured at A 3993.2 
agrees with the forbidden transitions a°S — b‘D of [Cr 1], a°S being 
the ground level of Cr 11 (Table 26). 

7. Two strong unidentified lines appear at \ 3439.0 and A 3559.6 
(see Pl. V); they are also present in HD 45677. 


IV. PECULIAR SYSTEMS SHOWING SIMULTANEOUSLY 
SPECTRAL FEATURES DUE TO VERY HIGH 
AND VERY LOW EXCITATION 

Several recent discoveries have shown that systems consisting of 
a late-type giant and a hot companion are not infrequent.’® This sec- 

63 New observations are planned in this connection. It would be interesting to find 
a pure Be star showing [Fe 11] with the same degree of sharpness and completeness. 
The spectrum of HD 45677 shows that the presence of a late-type binary component is 
not necessary for the production of [Fe 1]. 

64 Rubinowicz and Blaton, Erg. Ex. Naturwissenschaften, 11, 176, 1932. 

6s In Section III we have considered such objects as WY Gem and W Cep, which 
consist of a late-type star and of an early B star. Other examples are VV Cep, ¢ Aur, 
e Aur, etc. 
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tion is devoted to the discussion of several objects of this type, show- 
ing simultaneously an M-type spectrum and forbidden lines of high 
excitation. 

1. Z ANDROMEDAE 

The spectrum of Z Andromedae has been described by H. H. 
Plaskett.° During the entire period of his observations, 1923-1926, 
it showed only emission lines. Hogg*’ found 770 bands in absorption, 
which increased in intensity while the star was fading in light. The 
recent outburst in the total light of the star**—was accompanied by 
a remarkable change in spectrum.®? The star is now of the P Cygni 
type. The permitted emission lines of lower excitation (Fe u, Ti 01, 
etc.) are present, and are fairly conspicuous. The forbidden lines of 
[Fe 11] are much weaker than on Plaskett’s plates. The strong emis- 
sion lines attributed by Plaskett to the nebular part of Z Androme- 
dae have disappeared. 

It has been suggested” that the 77O spectrum comes from an 
M-type companion, while the emission lines of Plaskett’s “nebula” 
are excited in a tenuous shell surrounding a very hot, small star. The 
emission lines of the “star” (/e 11, etc.) could perhaps come from 


66 Pub. Victoria, 4, 119, 1928. 

67 Pub. A.S.P., 44, 328, 1932; Pub. A.A.S., 8, 14, 1934. 

68 LL. Campbell, Pop. Astr., 47, 571, 1939; K. Himpel, Die Sterne, 19, 210, 1939, and 
20, 14, 1940. 

69 Struve and Elvey, Pub. A.S.P., 51, 297, 1939. [Note added in proof: According to 
L. Campbell, the visual magnitude of Z And was 8.2 when our first plate was taken— 
September 14, 1939. The star remained bright until December 5, 1939, when the last 
spectrogram of this series was obtained. Two spectrograms were secured after the 
star became again observable in the east—on May 12 and 15, 1940. The entire aspect 
of the spectrum has changed. It again resembles that described by Plaskett, but the 
“nebular” spectrum is more pronounced on our plates than on Plaskett’s. The visual 
apparent magnitude was estimated to be 9.3. The spectrum shows almost only emis- 
sion lines. The forbidden lines of [O m1] are strong, with the auroral transition relatively 
strong—as in novae. There is some indication of the fluorescence lines of O m1, but 
\ 3760 is weak or absent. [Ne 11] and [Ne v] are very strong; Het is strong; He 11 4686 
is very strong. N 111 4634-4640 is fairly strong. The H lines are visible in emission as 
far as Hy). The higher members are not clearly seen, but there is a suspicion of several 
P Cygni type lines at AA 3687, 3693, etc. The continuous spectrum shows a marked 
drop near \ 3647, showing that the continuous Balmer absorption is not completely 
filled in by emission. Several permitted emission lines of Fe 1 are present, but the 
forbidden lines of [Fe 11] have not with certainty been identified. The development of 
Z And bears strong resemblance to that of a nova.] 


7° Hogg, Pub. A.A.S., 8, 14, 1934. 
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the outer layers of the M star, excited by the radiation of the hot 
star. 

The recent outburst permits us to clarify this picture. The spec- 
trum of 770 has disappeared, together with the emission lines of 
Heu, N ut, On, etc. The permitted emission lines of H, Fe, 
Ti I, etc., have remained, but they now have violet absorption bor- 
ders. The forbidden lines are weak. There can be little doubt that 
the outburst occurred in the hot star and that the light of the M star 
is lost in the increased brilliance of that object. The presence of emis- 
sion Fe It, etc., suggests that these lines are produced in the shell 
which surrounds the hot star. The weakening of [Fe 11] may well be 
caused by the decrease in dilution of radiation occasioned by the ex- 
pansion of the photosphere. The disappearance of emission lines of 
He ui, etc., may be due to the fact that the exciting radiation in the 
extreme ultraviolet has changed, or it may point to the possibility 
that these lines originate in the atmosphere of the M star and have 
been obliterated by the outburst. The latter hypothesis would re- 
quire a strengthening of the emission lines because of the increased 
radiation of the hot star. But theoretical considerations suggest that 
there may be a lag of months or even years before the ionization of 
the extremely tenuous gas of the M star adjusts itself to the changes 
in radiation of the hot star. Whether the presence of emission lines 
of He ul, etc., after the outburst™ should be considered as evidence 
that their light was not suppressed is not certain at the present time. 

The succession of events in Z Andromedae resembles those in T 
Coronae Borealis. This nova of 1866 was observed at several places 
during its recent rise in brightness.”7 Hachenberg and Wellmann 
have established the binary nature of this object. 

Table 27 shows the intensities of the lines measured on our first 
and out last plates of Z Andromedae. In general, the absorption 
lines became more prominent and the emission lines slightly fainter. 
But the change was not conspicuous. The dilution of the exciting 
radiation could not have been very pronounced, because Mg 11 4481 
and several 77 11 lines were present in absorption. ‘This is interest- 

7! Die Sterne, 19, 210, 1939. 


7 Hachenberg and Wellmann, Zs. f. Ap., 17, 246, 1939; Wellmann, Zs. f. Ap., 19, 
16, 1939; Joy, Pub. A.S.P., 50, 300, 1938; Minkowski, Pub. A.S.P., 51, 54, 1939. 
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603 


ABSORPTION EMISSION ABSORPTION EMISSION 
1939 1939 1939 1939 
Sept. | Dec. | Sept. | Dec. Sept. | Dec. | Sept. | Dec 
16 5 16 5 16 5 16 5 
Ti Ti 11—Cont. 

3392.8... ore 4572.0 I I ° 
3468.5 ° I ° ° 
3450.4.. 34903.5-- I I ° 
3405-7... I I fo) ° Oe 
I 2 ° ° 3507 .4.. I I fe) ° 
3504.9... In 3 ° ° 3041.3... 2 I I ° 
3041.3. fo) I ° 3935-9. I 2 I ° 
3659.8.. 3 ° ° 2 I 2 I 
3685.2 3 4 ° 3981 .6 I 
3741.7 I 5 4002.1 ° 
3759-3 4 4 ° 4173-5. ° 3 3 
3761 .3.. 3 4 4178.9.. ° 5 3 
3770.1.. I 4233.2... 2 6 5 
3900. 5 I 2 I I I 
4013.5: I 4 3 2 [4287.4]... 
AGES 4. <2 I ° 4 I 4290.6.. 2 I ° I 
4028 4 I 2 ° I ° 
4053.8 ° ° I 4351.8... ° ° 3 4 
4161.5 I I 2 ° ° I I 
4163.7 2 3 4379.4. I 
4290 2 ° I 2 I 4385 .4. I 
4294.1 fo) 2 ° ° 4416.8.. fo) ° 3 I 
4300.1 2 ° 4455.3-- I 
4312.09.. In Inn| in fe) I 
4337-9.. 4401.4 ° 2 I 
4395.0 In} 0 3 I 4515.3 ° I 2 
4443.8 fo) 2 2 I 4522.6 fe) ° I I 
4468 5 I 2 I ° I 
4488 . 3 ° ° ° I I 
4501 .3.. I I 4549.5 I 3 3 
4534.0.. ° I ° I 2 I 
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TABLE 27—Continued 


ABSORPTION EMISSION ABSORPTION EMISSION 
1939 1939 1939 1939 
Sept. | Dec. | Sept. | Dec. Sept. | Dec. | Sept. | Dec. 
16 5 16 5 16 5 16 5 
Fe 11—Cont. H—Cont. 
I 5 5 3 ° 
4 2 H23.. 4 4 fo) fe) 
° In I 4 4 ° 
3 I 3 4 Hr. 5 ° 
7 I 4 4 Hyg. 4 4 ° ° 
2 2 4 3 ior 6 6 ° fe) 
I I 2 I 6 6 fe) I 
I I I I Hy. 7 I 
2 8 6 I I 
ee I ° 5 3 Hi;;. 8 7 ° I 
I I 3 2 A. 8 7 2 6 
° I | 7 ° 4 
10 2 3 
eee 10 8 2 4 
3 2 ° ° ee 6 ° 10 10 
2 2 ° ° Fet 
: 3n 3 ° I I I 3 I 
I I ° ° 5703.0... 2 I 
erie 2 3 3 I 3820.4.. Inn ° 
ee 2 3 2 I 3860.0.. ° I 
I ° 4005.3. fo) I 
° 4202.0.. ° I 
I I ° I 
3460. 3.. 2 I I 
2 2 I ° 
I ° ° 3495.8.. I 
2 2 ° ° 3497.5... I ° 
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TABLE 27—Continued 


ABSORPTION EMISSION ABSORPTION EMISSION 
1939 1939 1939 1939 
Sept. | Dec. | Sept. | Dec. Sept. | Dec. | Sept. | Dec. 
16 5 16 5 16 5 16 5 
Vu Cat 
4937: 0: . I I 3 I 
3589.7.. 2 I fe) ° 3933-7-- 9 8 4 3 
I ° fe) 8 ° ° 
3593 -3-- I I 
2999 2 2n I ° Mgt 
3847-3 I ° 3832.3 I ° I 
3896. 2 Inn I 3838.0 2 3 I I 
3903.3 
3973.6 I o || Meu 
3097.1 fo) on 4481.3 I I ° ° 
4905.7 ° ° 
4035.6 ° Si 
3856.0 I I I I 
Nil 3862.6 In I ° ° 
3471.4 2n I fe) ° 4128.1 I I ° 2 
3513.9 4 3 I I 4130.9 ~ I ° ° 
3570.8 2 3 2 I 
3709.5 3 5 ° ° Het 
3572-5 I I 
3580.9 In 
3613.8 Inn}. fo) 
3642.8 I ° 


ing, in view of the presence of weak forbidden [Fe 1] lines. But it is 
possible that the forbidden lines originate in a distant shell which has 
not yet been engulfed by the expanding photosphere. 

A very remarkable astrophysical phenomenon becomes apparent 
from an inspection of Table 27. The metallic lines (notably Ti m) 
tend to show pure absorption lines on the violet side of the Balmer 
limit (X 3647) and emission lines on the red side. This phenomenon 
is the exact opposite of what we had described in HD 190073. We 
are not aware of other stars showing the same conspicuous discon- 
tinuity in the appearance of the metallic lines. 
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Figure 10 shows the transitions of 77 1. The effect is not connect- 
ed with the excitation potentials of the levels involved; nor is it in 
any way correlated with the spectroscopic notations of the various 


EVEN TERMS ODD TERMS 
y’P* 
x’D° 
y’@ 
y‘D° 
2°S° 
2°G° 
2‘D° 
b‘F 
——— == ABSORPTION > EMISSION 
aG 
aD 
a‘F 
b*F 


Fic. 10.—7/ 1 lines in Z Andromedae 


terms. Moreover, other metals show the same discontinuity near 
3647. 

The following explanation suggests itself. The H absorption lines 
are strong, and they extend to Hs. The continuous spectrum shows 
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a marked step at \ 3647, and all evidence points toward a large con- 
tinuous absorption coefficient, due to H, in the expanding shell.73 At 
the Balmer limit the continuous absorption coefficient x, experiences 
a sudden change. This produces a weakening of the absorption lines 
on the violet side of \ 3647 by a factor of y = x,’/x,.74 The exist- 
ence of this effect has been so abundantly proved in ordinary stars 
and even in shells’4 that we safely assume that it holds for Z Androm- 
edae. 

The emission lines originate in a tenuous ring formed by the outer 
layers of the shell. In reality, there must be a gradual transition from 
continuous spectrum to line emission as we pass from the center of 
the apparent disk of the star to the edge. But if we adopt Milne’s 
picture of a hazy atmosphere for the expanding shell, we may well 
extend this picture and assume that line emission comes from those 
parts of the shell for which the total optical thickness r < 7,, where 
tT, is the level of the fictitious photosphere according to Milne (ap- 
proximately 7, = 1/3). If we assume, for simplicity, that the outer 
parts of the shell have a constant x,, then 7, is proportional to the 
length of the chord, x, which separates the region of line emission 
from the region of continuous emission. The volume of the shell 
which gives rise to line emission is V = §7x3. But x«x,. According- 
ly, the intensities of the emission lines should vary as 3, and the 
ratio of emission intensity to equivalent breadth in absorption should 
vary as y’. A density gradient in the shell would only increase the 
effect. In ordinary A stars y is of the order of 10. Hence, the ratio 
of emission to absorption should vary greatly when we pass from the 
violet side of the Balmer limit to the red side. 

Table 28 gives the radial velocities measured for Z Andromedae 
on three plates. 

2. AX PERSEI AND CI CycnI 

The spectra of these two stars have been investigated by Merrill’s 
from spectrograms taken in 1931 and 1932. They showed bright 
lines of H, He1, He u, N m1, [Om], and [Ne 1], superimposed on 
an M-type spectrum. The variable character of the two stars has 

73 Struve, Proc. Nat. Acad., 26, 117, 1940. 

74 Struve and Sherman, Ap. J., 91, 428, 1940; Roach and Blitzer, Ap. J., in press. 

Ap. J., 77, 44, 1933- 
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been discussed extensively. C. and S. Gaposchkin” state that “CI 
Cygni is another double (or triple) object: a red star, a blue star, and 
a nebula (which may possibly be the outer envelope of the red star).”’ 
In both cases the light curve shows similarity to Z Andromedae. 

Several spectrograms of AX Persei and CI Cygni were obtained in 
the wave-length region AX 3300-6700. 

At first sight the spectrum of AX Persei appears to have changed 
greatly since 1931-1932. At the present time AX Persei and Cl 


TABLE 28 
RADIAL VELOCITIES OF Z ANDROMEDAE 


ABSORPTION EMISSION 
1939 1939 
ELEM. 

Sept. 16 Oct. 18 Dec. 5 Sept. 16 Oct. 18 Dec. 5 
—118.5 —65 —58.3 — 8.2 +281 +50.4 
—140.0 —62.¢ —72.4 + 3.1 +35.0 
H — 80.9 —54.7 +23.2 +60.5 +58.6 
— 88.3 —44.4 —58.6 + 8.8 +13.5 43.2 
—112.6 —63.6 —82.1 +o 9 +22.6 
Ni 1 — 87.9 —65.5 —10.2 25.4 
Vi —105.0 —61.4 — 82 +13.5 +49.6 
| —126.7 — 39.0 + 5.6 
| — 68.5 —67.2 —41.2 — 3.2 + 36.3 
LG ee — 70.6 —58.8 —46.9 — 4.1 +41.6 
Mg — 92.6 — 20 —53.2 : 
Siu —87.2 —42.9 + 7.6 +62.3 
—106.4 


Cygni are so similar that we combine their description in the same 
section.77 In Table 29 we have collected the emission lines and their 
probable identifications. 

Besides the weak continuous spectrum with M-type absorptions, 
our spectrograms show only emission lines. 

Hydrogen.—The Balmer lines are observed from Ha to //,,, and 
there is also a strong Balmer continuum in emission as far as \ 3470. 
This spectrum may be attributed essentially to the ‘nebular com- 

76 Variable Stars, pp. 315-316, 1938. 


77 Dr. G. P. Kuiper has found from low-dispersion spectrograms (340 A/mm at 17) 
that the spectral type of AX Per is gM3e and that of CI Cyg, gMge. 
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TABLE 29 


EMISSION LINES IN AX PERSEI AND CI CYGNI 


AX PERSE! CI Cyen1 IDENTIFICATION 
POTENTIAL 
or HicHer | Notes 
LEVEL 
r Int r Int Elem. Lab. A (VotTs) 
3340.7.---- I 3340.7 I Om 3340.74 36.7 I 
4 3346 4 | Ne v] 3345.8 3.8 
8 3425.6 8 [Nev] 3425.8 3.8 
3443.8 4 3444.0 3 O 11 3444.1 40.7 I 
3586.4. 3 3586.7 4 [Fe vit| 3587.2 3.6 
3678.5 I Hx 3679.3 
3682.5 2 3082.0 I Hr 3682.81 13. 51 
3686.4 2 3085.9 I Hyy 3686.8 13.50 
3091 .2.. 2 3091.4 I Hy 3691.6 13.50 
3696.7... 2 3097.0 I H,, 3097.2 13.49 
3703-7 3 3703.6 I He 3703.9 13.49 2 
3 3712.0 I Hy; 3712.0 13.48 
3721.8 3 3722.3 I Hi, 3721.9 13-47 
on | 3727 on {O 6 3 
3734.5 4 3734-7 2 Hy; 3734-4 13.46 3 
3750.0 4 3750.7 2 Hu 3750.2 13-45 
jO m1 3759-9 36.3 1,4 
3759-3------| OM] 3759.1 5 vt] 3750.9 3.6 
3770.8 4 3770.6 2 Hy, 3770.6 13.43 
3798.4 4 3798.1 2 Hy 3797-9 13.40 
3820.4.... I 3820.0 I v} 3820.2 
3835-5 5 3835.5 3 H, 3835.4 13.37 
3840.8 ° 3840 ° |Fe v| 3838.9 
| Ne ul 3868 .7 
Bick 4 3809 .3 I (Fe x1)? 3871.9 47 
3889 aa 3888.8 3 Hs 3889.1 13.33 
3905.4 3905-5 5.06 5 
‘ {Hew 3923.51 53-9 
3923-4 ° (Ti 1x] 3.3 
3933.6......] 3 3933-9 I Call 3933-7 3.1 
3964.8..... I 3904.9 I Het 3904.7 23.64 
39609.5..... 7n | 3970.0 4n nt} 
2 4010.6 I Het 4009 .3 24.2 
4020.5 2 Het 4020.2 23.9 7 
4071 ° |Fe v| 4071.5 
2 4097.4 2 N ul 4097.3 30.3 I 
4101.7 13.16 
A. 8 4101.9 5 4103.4 30.3 
Het 4120.8 23.9 
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TABLE 29—Continued 
AX PERSEI CI Cyent IDENTIFICATION | 
POTENTIAL 
oF HicHEer | Nores 
LEVEL 
Int. Int. Elem. Lab. » (VoLts) 
I 4143.6 I Het 4143.8 24.1 
4161.7 I [K v] 4160+ 3.0 
| 4178.9 52 
on 4179.7 I (Fe v| 4181.4 
4233.7...... I 4233.1 ° Fei 4233.2 5.49 
4244.4 I [Fen] 4244.8 | 
4286.2...... ° 4280.8 ° |Fe 1] 4287 2.88 8 
4296 4 ° 4297.0 ° Fei 4290.6 5.56 8 
(ok ° 4303.9 ° Fe it 4303.2 5.56 8 
4340.2 10 4340.3 8 Hy 4340.5 13.00 | 
4352.1 4351.6 I Fei 4351.8 5.53 
5 4363.3 2 {O 11] 4363.2 
4387.9 I 4387.0 I Het 4387.9 23.9 
4409.7 ° [Cr 1x] 4408 3.8 
4472.4 2 | 4471.5 3 Het 4471.5 23.6 
4481.6 Mgt 4481.2 11.6 9 
(Fe II 4489.2 5.56 
Fe i 4401.4 5.59 
Fe 11] 4492.6 2.79 
4516.2 I Fei 4515.3 5.56 
4523.6 ° Feu 4522.6 5.56 
° 4541.2 I Het 4541.6 53:5 
4549.5 5.53 
° 4549.8 I Tit 4549.6 
4557.8. | 4555-3 I Feu 4555-9 5.52 | 
4572-7. ° 4571 2 Mgt 4571.1 2.7 5 
4576.6 I Fett 4576.3 6.53 | 
4584.0.. I 4582.4 2 Feu 4583.8 5.49 
4629.2 I Fe 4629 .3 5.46 
4634.0.. 4633.0 I Ni 4034.2 33.0 I 
4640.7.. I 4640.2 I N ill 4040.6 33.0 I 
4658.6 [Fe m1] 4658.2 2.7 9 
GO. 8 4685.8 6 4085.8 50.8 
Ti 1x]? 4700 + 2.7 
{Het 23.6 
15 4861.3 fe) Hg 4861 .3 12.69 
{Het 4921.9 23.64 
[4940.5 I [Ca vit] 4941 9 
44-7 \4949-5 I [Fe 4942.3 4 2.5 10 
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TABLE 29—Continued 


AX PERSEI CI Cyent IDENTIFICATION 
or HicHER | NoTEs 
LEVEL 
Int. Int. Elem. Lab. A (VoLts) 
I 5008 ° {O 111} 5007.6 
{Het 5015.7 23.0 
2 5156.0 3 |Fe vu] §158.3+ 2.6 
|Fe 5276.1+ 2.6 
© [Ca v] 5308.9 
5618.2 I [Ca vu] 5619 2:7 
5719.9 2 5725.5 4s [Fe vit] 5720.9 2.2 
5739-5 I Si m1? 5739-8 21.8 
5752 I 5752 I [N11] 5755 4.0 9 
5875.5 9 5876.8 5 Het 5875.6 23.0 
6349.7 [K v] 6349.5 4.9 
6371.0 I 6370 I [Fe x] 6372+ 1.9 
Ha 25 Ha 15 Ha 6562.8 12.04 


NOTES TO TABLE 29 
1. These are the O 111 and N 11 lines excited by Bowen’s fluorescence mechanism. 
2. In AX Persei, H, is abnormally broad and strong. 
3. In AX Persei, H,,; is broader than the other Balmer lines. 
4. Both contributors are certainly present. 
5. Characteristic lines of the long-period variables. 
6. Also present in BD+11°4673. 
7. There are possibly two weak emission lines in AX Persei between \ 4030 and 
4070. 
8. The measurement of this group of lines was very difficult. 
g. Uncertain. 
10. The line is possibly double in AX Persei. 
11. Also present in NGC 7027, NGC 6572, and RY Scuti. May be [Fe Iv]. 
12. Identification doubtful. 


ponent” of the system, its intensity being too high for the “late-type 
component.” There is no anomaly in the intensities of He, H8, etc., 
like those present in late-type variables. 

He I.—Many lines belong to the series 2p3P° — nd’D, 2p'P°— 
nd'D, 2p3P° — nsS, and 2s'S — np'P®. The line \ 4713 seems to be 
abnormally strong, but this may be due to blending with [A Iv] 4711.4. 
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He II—Many lines are blended; but, aside from the strong line 
4686, the following are unblended: \ 4541 (4f?F° — gg?G) and 
d 5411 (4f?F° — 7g°G). 

O II —The forbidden [O 11] doublet at \ 3727 is extremely weak. 

O III —The lines excited by \ 303.780 of He u (1s’S — 2p?P?) 
are very conspicuous (AA 3341, 3444, and 3760). The forbidden lines 
have relative intensities similar to those found in planetaries of 
type Pd, such as IC 4997: the auroral transition \ 4363.2 (2p?'D — 
2p? 1S) is much stronger than the nebular transition V,, \ 5007.6 
(2p? 3P, — 2p?'D). Such relative intensities are rare among galactic 
nebulae but have been observed also in Z Andromedae, RW Hydrae, 
and R Aquarii,’* which are closely related to the present stars. This 
would seem to indicate a rather high electron pressure in those re- 
gions where [O 1m] 4363 originates. 

N II —The auroral line \ 5752 is faintly present. 

N III.—The two doublets AX 4097-4103 and AA 4634-4640, ex- 
cited by On 374 (itself excited by He, according to Bowen’s 
mechanism), are present. 

Ne III.—The nebular-type lines are present; the auroral transi- 
tion at A 3342.8 is absent. 

Ne V.—tThe forbidden nebular lines \ 3346 and \ 3426 are very 
strong. 

Ca II.—K  X 3933.7 is present. 

Ca V.—There is some evidence of the presence of [Ca v]: the first 
component 3P, — 3p*'D at 5309 is present in AX Persei, and 
the second is blended with [Fe vii] at \ 6088. 

Ca VIT—Its presence is fairly certain in CI Cygni; \ 5618.2 
(3p? 3P, — 3p?'D) and \ 4941 (3P, — 'D) are both present. 

Mg I» 4571, which is typical of the long-period variables, is 
present. 

Mg II —The evidence for \ 4481 is inconclusive. 

Si I— 3905 is usually present in long-period variables. 

Fe II—Many permitted lines are observed, all of them coming 
from z*D° and z*F° (both 5.5 v.). The presence of [Fe 11] is still un- 
certain. 


78 See end of this section. 
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Fe III —The strongest forbidden line of [Fe 1] at \ 4658 is faint- 
ly present in CI Cygni. 

Fe IV.—We refer here to the discussion of the spectrum of RY 
Scuti in Section II. It is possible that \ 5041.3 is a forbidden [Fe tv] 
line. 

Fe V.—Bowen has located the metastable levels of Fe v. Several 
forbidden lines have been tentatively identified by various investi- 
gators, in nebulae or novae; but all of these identifications were 
based only upon rough wave-length agreements. The results for 
[Fe 11] in RY Scuti (see Sec. II) may bring some light, as Fe m1 and 
Fe v have complementary electronic configurations 3d° and 3d‘ with 
regard to the half-closed shell 3d’. We may, thus, assume for [Fe v] 
that the identification criteria are also 

{ SD,—3F, (A 3801) \ sD (A 3896) 
sD,—3F, (3830) sD.—5P; (A 4072) 


The line 5D, — 3F, will usually be blended with the Balmer line 
H8, but 5D, — °F; was actually observed in AX Persei and CI Cygni; 
the 5D, — 3F, component appears also at \ 3820.2. The line °D, — 
3P, was found at \ 4071 in both stars. 

Fe VI.—There is no certain identification of [Fe v1], the only co- 
incidence being 5337 (4F; — 

Fe VII.—The analysis of this spectrum by Bowen and Edlén per- 
mitted them to identify [Fe vu] in Nova Pictoris, where it produces 
the strongest lines. We have found the |Fe vu] transitions to be a 
prominent feature in AX Persei and CI Cygni. The measured wave 
lengths are given in Table 30, and these are probably better than the 
predicted values or than the wave lengths measured in Nova Pic- 
toris, because the lines of AX Persei and CI Cygni are fairly sharp. 

The prominence of [Fe vu] shows that AX Persei and CI Cygni 
are especially suitable for investigations of forbidden lines of highly 
ionized atoms. 

Fe X.7°—The ground level 3p’ ?P° has become so widely separated 
that the forbidden transition between the two components falls 
near 6372, according to Edlén’s analysis. We have observed an 
emission line at \ 6370.7 in AX Persei and CI Cygni, with no other 


79 The Fe vit and Fe Ix ions have no forbidden lines of low excitation potential. 
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good identification available.*® The identification with [Fe x] seems 
plausible for the following reasons: 

a) AX Persei and CI Cygni show high ionization. 

b) This transition is the only forbidden line of Fe x which is possi- 
ble for a low electronic excitation, and the intensity would, therefore, 
be concentrated in one line. 

c) The ionization potential of Fe rx, which is somewhere around 
230 v., is not much higher than that of Fe vi (around 150 v.?), and 
we know that Fe vit is very abundant in AX Persei. 

The line \ 6372 is a transition between the two components of the 
ground level ?P°: *P?, — 3p**P} (exc. pot. 1.9 v.). The transition 


TABLE 30 
|Fe VII] LINES OBSERVED IN AX PERSEI AND CI CYGNI 


INTENSITY 
A TRANSITION REMARKS 
AX Per- CI Cygni 
sei 
3F,—'G, 6 5 Blended with fluores- 


cence line of O III 
I I Separation from 
{Ca vu] difficult 


3F,—'D, 2 4 
6089.9.. 3F;—'D, 8 7 Weakly blended by 


[Ca v] 


probability of magnetic dipole radiation is™ in this case 70 sec’, 
which is a normal value for a forbidden transition. 

K V.—tThe predicted wave lengths of the *S — 7D forbidden 
transitions of [K v] are very uncertain. The following identifications 
are possible. 

4161.7: 3p34S —3p37Dy 
4122.0: 3p34S —3p3?D.; (blended with He 1) 
80 Si 1m 6371.4 is excluded because all the transitions in other regions are absent. 


The effect of the superposed late-type spectrum has been considered. 
§« From Brinkman’s formula, kindly communicated by Dr. G. Breit. 
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Cr IX —All the intensity due to low electronic excitation would be 
concentrated in two lines: \ 3273.5 and A 4407.9. A weak line meas- 
ured at \ 4409 has no other identification. 

Mn IV —One of the two strongest expected lines of [Mn tv]* is 
5D, — 3P., near \ 4591; a weak line is present at A 4594.8, but °D, — 
3F, being absent, this is probably not the correct identification. 

Ti IX —This ion has two forbidden lines around \ 3923 and XA 
4700 (3P,, — 'D,). The first is blended with He 11; but the observed 
line appears abnormally strong because the stronger line, 4f?F° — 
11g7G (A 4199.9) of the same series, is absent. The second [77 1x] 
line may be the line observed at \ 4704.9. 

The spectrum of CI Cygni does not seem to have suffered impor- 
tant modifications since the time of Merrill’s observations. But the 
matter is quite different in the case of AX Persei. It is evident at 
once that He 1 is now weaker, compared with He n, that [Ne 1m] has 
also decreased in intensity, and that [O 111] 4363 is weaker than in 
1932, although it is still fairly conspicuous. It is clear that the ion- 
ization has increased in the regions giving rise to forbidden lines. 

Even if we compare spectrograms taken at such a short interval 
as from September 20, 1939, to February 4, 1940, we find a change in 
the direction of increased ionization. Compared with [Fe vu], H and 
He decreased in intensity; Ca 1 has practically disappeared; NV m1 
has increased, which is due to an increase of He 11 causing the N 1 
fluorescence. Fe 11 has not changed appreciably. 

The complex character of AX Persei and CI Cygni is obvious. The 
late-type component is presumably a variable itself, the bright lines 
of Si 1 (X 3905) and Mg I (A 4571) being characteristic of late-type 
variables. There is also a nebula of very high excitation ([Ne v] and 
[Fe vit] being strong) and of density similar to that of the planetaries 
of type Pd (provided that [O 111] 4363 originates in the nebula itself) ; 
we observe in the nebula the fluorescence of O m1 and N 1 excited by 
the He 11 line at \ 303.78. In this nebulosity the excitation increases, 
which means that the corresponding nucleus becomes hotter. Now 
the similarity with Nova Pictoris, which also shows strong [Fe vu] 
lines, suggests that this nucleus is a post-nova, the surrounding 


82 Derived from a comparison with [Fe v] and |Fe 11]. 
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nebulosity being the matter ejected at the time of the outbursts.*s 
The present effective temperature of the nucleus must be very high, 
of the order of 150,000° or more, in order to produce six and probably 
nine ionizations of the iron atom. Accordingly, its maximum radia- 
tion is near \ 200, and the quantity of continuous radiation emitted 
in the observable range is an extremely small fraction of the total 
radiated energy. There is no difficulty in understanding why the 
spectrum of the nucleus has not been observed. 

The Fe 11 lines appear much too strong to be attributed solely to 
the regular emission of a late-type variable. The spectrum shows 
strong [Fe vu], weak intermediate ionizations, including [Fe m1], and 
then again fairly strong Fe 11.** It is possible that the Fe m lines are 
excited in the outer part of the M star by the diluted radiation of the 
hot nucleus, which is itself surrounded by the [Fe vu] nebula.*s 

Besides the M spectrum, Merrill had observed in AX Persei an 
absorption spectrum of a type earlier than M3—say Kop. This does 
not appear now, but the change may perhaps be due to a change in 
the excitation of a certain region of the M star by the hot companion. 


3. R 

The complex case of the spectrum of R Aquarii has been investi- 
gated by Merrill,*° using Mount Wilson spectrograms extending over 
15 years. In this section we present some additional spectroscopic 
data based on McDonald spectrograms taken between September 13 
and December 12, 1939. Besides the nebular lines tabulated by Mer- 
rill, our spectrograms show the {O 11] doublet fairly strongly; \ 4363 
(auroral transition of [O 11]) is now weak.*’ The relative intensities 
of V, and N, are quite irregular, V, being too weak when we consider 
its theoretical transition probability. Photometric measurements 


83 The velocity of expansion is very small at the present time, because the bright 
lines are sharp. 

84 Individually the Fe 1 lines are not strong; but the energy is distributed among 
many lines. 

8s But in Z And this hypothesis is not tenable. 

86 Ap. J., 81, 312, 1935: 

8? Relative to the nebular transitions, the auroral transition \ 4363 is much weaker 
in R Aqr than in AX Per and CI Cyg. 
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show that N, is 6.9 times weaker than N,; whereas the theoretical 
ratio is 3. This behavior is presumably due to an occultation effect 
of the nebula by the TiO atmosphere of the late-type component, 
since N, falls very close to a strong TiO band head. JN, also falls in a 
Ti0 band, but much farther from the head, and is consequently less 
reabsorbed. Such an occultation effect was discussed by Wright** 
in order to explain the absence of the [Ne 1m] line at \ 3968. The 


other component, d 3869, of the nebular pair had been observed by © 


J. H. Moore;*? in this case the blanketing was due to the Ca 01 line H. 
This appears also on our spectrograms. The absorption of the nebu- 
lar light by the 770 layer is much weaker than the absorption of the 
hydrogen lines and of the other bright lines. This appears from a 
comparison of plates taken in September and in December, 1939. 
Hy falls in a region practically free from 7iO absorption. The 
strength of the 770 bands at the wave length of H8 is appreciable, 
but it is still more at V, and much more at V,. Between September 
and December, 1939, Hy increased considerably in intensity; it was 
much weaker than NV, in September and much stronger in December. 
But HB remained weaker than V,. An examination of the spectro- 
grams shows that N, is not reduced by 770 to the same extent as 
H, although the absorption band appears stronger at NV, than at 
HB. This shows that [O 11] does not originate in the same region as 
the Balmer lines. 

At certain phases, the spectrum of R Aquarii is very rich in [Fe 
11] lines, and it is then very similar to WY Geminorum. 

Merrill has observed at certain phases the forbidden transitions 
of [Fe 111]; but these, as well as the permitted Fe 1 lines, were absent 
during our period of observation. 

We shall not consider here the outer lenticular nebulosity discov- 
ered by C. O. Lampland,’ although it is puzzling that no marked 
change has ever been noticed in its brightness. But continuous ob- 
servations of this nebulosity are lacking, and there may be a consid- 


88 Pub. A.S.P., 31, 3009, 1919. 
89 Thid. 
% Pop. Astr., 30, 619, 1922. 
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erable lag of time between the variation in excitation and the varia- 
tion in nebular brightness. 

The character of the long-period variable seems to be quite regu- 
lar. In the light of Z Andromedae, AX Persei, and CI Cygni it seems 
most promising to try to explain the spectroscopic data by assuming 
the presence of two stars: one regular long-period variable and one of 
early type surrounded by nebular matter. This hypothesis, which 
has been considered on several occasions,” gains weight from the ob- 
servations discussed in this section. ) 


— 


V. CONCLUSIONS 

Two advances have recently been made in the interpretation of 
emission-line stars of early spectral type. The dilution of the excit- 
ing radiation from the hot star, caused by the distance between the 
source of continuous radiation and the gases responsible for the shell, 
produces marked changes in the spectrum and permits us to evalu- 
ate, under favorable conditions, the ratio, R/r, of the radius of the 
star to the radius of the shell. This, in most cases, is not excessively 
small, and we may estimate that in nearly all cases 0.1 < R/r < 1. 
This is one important result, as it gives us the order of size of the 


nebulous shell. 

The second advance consists in our recognition of the importance 
of the continuous absorption in the shell. The optical thickness of 
the shell may be very small (a Cygni) or very large (P Cygni). In 
those cases in which the optical thickness is small, we are able to see 
the spectrum of a deeper layer. In most cases the transition from the 
deep reversing layer to the shell is discontinuous, or, at least, very 
sudden; but in a few stars there are definite indications of stratifica- 
tion in the shell (P Cygni, ¢ Tauri, and HD 218393). When the shell 
expands, the reversing layer usually has a small radial velocity. Ina 
few cases (17 Leporis) it is certain that the shell covers the entire ap- 
parent disk presented by the reversing layer, and the phenomenon is 
not one of prominence action, with normal regions between expand- 


ing prominences. 


9 Merrill, Ap. J., 81, 331, 1935; C. and S. Gaposchkin, Variable Stars, p. 315, 1938. 


- 
| 


PECULIAR STARS 619 


The study of P Cygni type stars shows that expanding shells may 
be associated with reversing layers of the supergiant class (HD 
160529, a Cygni, and 8 Orionis) or with reversing layers of main-se- 
quence characteristics (HD 190073, 17 Leporis, and BD+47°3487). 
Rapid axial rotation of the reversing layer is not a necessary condi- 
tion, even in the main-sequence reversing layers (17 Leporis and 
HD 190073), although in some stars the rotation does seem to be 
large (BD +47°3487). 

It will be recalled here that in ordinary Be stars axial rotation 
plays an important role.” There can be no doubt that this is not the 
case in P Cygni type stars. It is almost certain that axial rotation 
acts as a trigger mechanism in the production of shells of Be stars. 
There is no evidence that these stars are, as a rule, binaries. But 
there is some evidence that Be stars are, on the average, more lumi- 
nous than main-sequence stars without emission lines. They are 
definitely less luminous than the supergiants, but the latter do not, 
as a rule, have large rotational velocities. 

We suggest that some mechanism other than axial rotation is re- 
sponsible for P Cygni type emission. It is probable that high lumi- 
nosity favors this process: a surprisingly large percentage of super- 
giants show weak P Cygni emission at Ha when they are examined 
with sufficient dispersion. But there are also normal main. sequence 
stars with strong P Cygni characteristics. We must infer that lumi- 
nosity is not alone to blame. Some of these stars (Z Andromedae, 
RY Scuti, and 8 Lyrae) are known binaries. It is at least probable 
that the binary nature of a star favors the origin of a shell. This hy- 
pothesis is supported by the peculiar class of composite spectra 
which we have discussed in Sections III and IV. Some of these ob- 
jects have B-type spectra which are perfectly normal in all respects 
and which have no excessive rotation and no supergiant character- 
istics. Yet, when these normal stars are associated with an M star, 
as a binary, they give rise to strong emission spectra of [Fe m] (WY 
Geminorum, W Cephei, and Z Andromedae) or to emission spectra 
of higher excitation and ionization (AX Persei and CI Cygni). The 


#2 Struve, Ap. J., 73, 94, 1931; J. Appl. Phys., 10, 802, 1939; Struve and Swings 
Ap. J., 75, 161, 1932; Merrill, Pub. A.S.P., 45, 49, 1933- 


7 
| 
| : 
val 
| 
| 
| 
| 
— 


620 P. SWINGS AND O. STRUVE 


fact that a few related stars (HD 45677) are apparently not compos- 
ite does not mean that they are not binaries. Z Andromedae in its 
present stage would also be interpreted as a single star. However, 
we know from the work of Hogg that an M-type spectrum was pres- 
ent when the brightness of the hot star was low. 

There is all reason to believe that the binary nature of a star 
stimulates the process of shell formation. But there are many close 
spectroscopic binaries which show no tendency toward emission. 


YERKES OBSERVATORY 
AND 
OBSERVATORY 
March 1940 
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NOTES 


COSMIC STATIC 


Several papers' have been published which indicate that an electro- 
magnetic disturbance in the frequency range 10-20 megacycles ar- 
rives approximately from the direction of the Milky Way. It has 
been shown? that black-body radiation from interstellar dust par- 
ticles is not the source of this energy. 

The antenna system shown in Figure 1 was constructed for the 
investigation of this phenomenon. The receiver can be set at the 
desired declination by rotating along the meridian on the circular 
tracks at each side. Readings at a fixed declination are taken over an 
interval of several hours, the rotation of the earth providing the 
change in right ascension. 

The drum at the focal point is an artificial black body described 
elsewhere.‘ The entire receiving system has an effective cone of ac- 
ceptance approximately 3° in diameter. 

The output is indicated by a microammeter so connected that any 
intercepted energy will cause the readings to decrease. A few typical 
records are shown in Figure 2, in which the individual points are 
omitted because they lie too close together. The magnitude of the 
dip in the curve gives a measure of the intensity of the received 
energy. Over a long period, as the apparatus warms up, the zero 
level will gradually rise. The dotted line indicates the run which 
would have been obtained had no radiation been captured. 

The results of preliminary measures of the variation of the static 

*K. G. Jansky, Proc. I.R.E., 20, 1920, December, 1932; 21, 1387, October, 1933; 
23, 1158, October, 1935; 25, 1517, December, 1937. H. T. Friis and C. B. Feldman, 
Bell Tech. J., 16, 337, July, 1937. 

2 Whipple and Greenstein, Proc. Nat. Acad. Sci., 23, 177, 1937: 


3 For details of the instrumental design and the method of reduction of the data 
see G. Reber, Proc. I.R.E., 28, 68, 1940. 


4G. Reber, Communications, 18, 5, December, 1938. 
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disturbance as a function of galactic longitude are shown in Figure 3, 
in which each point represents the central intensity of the dip on one 


/ 


Fic. 1.—Antenna system viewed from the north. The resonance chamber can be 
seen supported at the focal point of the parabolic reflector. 


night’s record. The magnitude of the systematic error may be +50 
per cent, but the general order of the disturbance is correct. The 
plane from which this energy arrives is tilted about 5° south of the 
plane of the galaxy in the vicinity of longitude 150°. 
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Fic. 2.—Typical records of observation. P—plane of Milky Way; V—center 
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Since the theory of black-body radiation predicts an intensity pro- 
portional to the square of the frequency in this range, the first tests 
were made at 3300 megacycles. Nothing was found at the sensitivity 
limit of 10 *° watts per square centimeter per circular degree per 
kilocycle band width. Improved equipment for the frequency of goo 
megacycles gave no results at the limit of 10 ” watts per square 
centimeter per circular degree per kilocycle band width. The data of 
Figures 2 and 3 were obtained at 162 megacycles. 


out of range 


Watts 


6 ° 40 120 #42160 #42200 240 4280 320. 
Galactic Longitude 


Fic. 3.—Intensity of maximum incident radiation as function of galactic twagi- 
tude. 


A few bright stars, such as Vega, Sirius, Antares, Deneb, and the 
Sun, gave negative results. Mars and the Orion nebula also gave no 
readable indication. If radiation is present from any of these ob- 
jects, the intensity is below 10 *5 watts per square centimeter per 
circular degree per kilocycle band width at 162 megacycles. The 
only other positive results are from the great nebula in Andromeda, 
with a mean of four readings, giving a maximum intensity of 8X10 * 
watts per square centimeter per circular degree per kilocycle band 
width. 

The foregoing observations confirm previous evidence that radia- 
tion in the radio spectrum is apparently coming from the direction 
of the Milky Way. The intensity is a function of galactic longitude. 

GROTE REBER 
212 WEST SEMINARY AVENUE 
WHEATON, ILLINOIS 
December 1939 
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INTERSTELLAR RADIATION FROM FREE 
ELECTRONS AND HYDROGEN ATOMS 


ABSTRACT 

The intensity of the radiation produced by electrons and hydrogen ions is considered. 
It is shown that for an electron temperature of 10,000° and a density of one electron 
per square centimeter we may expect from interstellar space an intensity of radiation at 
a wave length of 1.65 meters of 5.8 X 107'* ergs per square centimeter per second per 
square degree per kilocycle band width. This is in excellent agreement with the observa- 
tional value given by Reber. The computations have been extended over the range 10 
meters to 4400 A. 

In this note we wish to consider the possible contribution of 
atomic or ionic processes to the radiation in the radio region of the 
spectrum. The observations of Jansky' and of Reber? indicate that 
there exists radiation, in this region, of the order of 10°" ergs per 
second per square centimeter per kilocycle coming from a square 
degree in the Milky Way. Whipple and Greenstein’ attempted to 
explain this radiation in terms of the thermal emission by interstellar 
dust particles, with no success, since the maximum temperature 
which they could attribute to these particles was about 30°, leaving 
a discrepancy in intensity of the order of 10,000. Reber‘ proposed an 
explanation of the radiation in terms of the so-called free-free transi- 
tions of electron and proton systems in interstellar space. While his 
computations were very rough and did not allow for all possibilities, 
they did indicate that the order of magnitude approaches that of the 
actual observed intensity. This success may be ascribed principally 
to his use of an electron temperature of 10,000°, a value which is 
probably of the right order. 

In addition to the free-free transitions we shall take account of the 
transitions between continuous and bound levels near the continuous 
limit in hydrogen. The transfer of radiation is governed also by elec- 
tron and particle scattering. On the other hand, interactions be- 
tween two free electrons will give rise only to quadrupole radiation, 
which can be neglected in the spectral range under consideration. 


™ Proc. I.R.E., 20, 1920, 1932; 25, 1387, 1937. 

2Ap. J., 91, 621, 1940. 

3 Proc. Nat. Acad. Sct., 23, 177, 1937. 4 Proc. 1.R.E., 28, 68, 1940. 
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To compute the contributions of each of these processes we must 
have some information concerning the velocity distribution in the 
electron gas. No adequate theory exists at the present time which 
predicts the nature of the distribution function, so that as a sub- 
stitute we must make use of a Maxwellian one. While this is cer- 
tainly not the exact function, it should predict the correct order of 
magnitude for the intensities of the light emitted and absorbed. 
There is only one possible source of serious error. One can allow for 
the stimulated emission, in the case of thermal equilibrium, by mul- 
tiplying the true absorption coefficient by the correction factor 


ehelkt 


In the far infrared the exponential is very nearly unity, and the cor- 
rection factor is usually very small. It is evident that one has here a 
delicate balance of the two mechanisms that may be seriously dis- 
turbed if the condition of thermal equilibrium, or the condition of a 
Maxwellian velocity distribution in our case, is only approximately 
true. 

The emission and absorption of radiation due to the free-free 
transitions progress according to the conditions of local thermody- 
namic equilibrium. If we denote the volume absorption coefficient 
by x,, the emission is x,B,. The bound-free transitions produce only 
emission, because of the high dilution of the exciting radiation, 
which may be written «,B, — w/J,, where x, is the absorption 
coefficient that would obtain in thermal equilibrium and y/ is the 
coefficient of stimulated emission. We have 


I 
Mp = 

by virtue of the thermal distribution of the emitting particles. In 

addition we introduce o, the coefficient of scattering by electrons. 

Since the density of radiation in space is low, we use ¢ only in com- 

puting the extinction and neglect its contribution to the Ergiebig- 
keit. 

Under the conditions which we have outlined, the equation of 


transfer for a ray in the plane of the Milky Way becomes 


_ dl, 
ds 


= (x, +o, — u,)I, — («, + «,)B, . (1) 
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Putting 
dr, d(x, Oo, — (2) 
it follows that 
dl, Ky + 
(3) 


If we suppose that the radiation finds its origin along the line of sight 
between the earth and a limiting optical depth 7,, we can deduce 


from (3) that 
Kk +x, 


or, replacing the Ergiebigkeit by a mean value, 


The wave-mechanical equations for the absorption coefficients 
given by Menzel and Pekeris® were used in carrying out the numeri- 
cal computations. For each spectral region the appropriate expres- 
sions for the Gaunt correction factors were inserted in the integrals. 
The bound-free contributions were taken care of by means of the 
smoothed formula, and for this reason the resulting curve does not 
display the discontinuities at the heads of the various series. For 
electrons at 10,000° the intensity at the head of the Balmer series 
jumps by a factor of 17, while the Paschen discontinuity is 2.6; but 
it is only in the immediate vicinity of the series heads that the 
smoothed formula is seriously in error. 

The value of 10,000° adopted for the electron temperature is cer- 
tainly of the right order of magnitude, since the principal source of 
the ionizing radiation is found in the B-type stars. The optical 
depth, 7,, was computed on the assumption that the thickness of the 
emitting layer is about 16,000 parsecs, or 5 X 10” cm. 

The number of electrons per cubic centimeter may be estimated 
from three different lines of approach. Struve and Elvey® have ob- 


5M.N., 96, 77, 1935. 6 Ap. J., 88, 364, 1938. 
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served the intensity of Ha as produced in interstellar space in the 
directions of Cygnus and Cepheus. Their value for the absolute in- 
tensity of Ha may be used to determine N;N., the product of the 
numbers of electrons and of hydrogen ions per cubic centimeter. 
Using the anaysis of the recombination of hydrogen given by Baker 
and Menzel’ (their case B), we have computed that V; = N, = 0.6. 

Struve® and Dunham? have estimated the electron density from 
the observed relative intensities of interstellar Ca 1 and Ca ab- 
sorption lines. They find 30/cc and 10/cc, respectively. Dunham 
points out that the density may well be a tenth of his determination 
because of the uncertainties of the problem. 

The intensity of the recombination spectrum, both continuous and 
discrete, is proportional to V;N, multiplied by the thickness of the 
emitting layer. This intensity in the photographic region, centered 
around A = 4400 A and including the continuum and the lines Hy 
and Hé, must be less than the observed intensity of diffuse light in 
the Milky Way, since it is likely that the larger portion of this light 
arises from starlight scattered by interstellar dust. The observed in- 
tensity is about 60 tenth-magnitude stars per square degree."® Using 
a thickness of the emitting layer of 1600 parsecs and an electron 
temperature of 10,000°, we have computed that this intensity im- 
plies that 

Ni=N. <1. 


This determination of an upper limit must be given considerable 
weight since it is based on observational material whose uncertainty 
lies in the possibility that the true intensity may be smaller than 60 
but is certainly not larger by more than the photometric uncertainty 
of about 20 per cent. We have, therefore, adopted as an upper limit 
the rounded value 


which is compatible with all the determinations. 


7Ap. J., 88, 52, 1938. 
8 Proc. Nat. Acad. Sci., 25, 39, 1939. 
9 Proc. Amer. Phil. Soc., 81, 277, 1939. 1 Henyey and Greenstein, unpublished. 
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The results of the computation are indicated in Figure 1. The 
broken line gives the trend of the black-body intensity in the long- 
wave region. The full curve shows the computed intensities for the 
various parts of the spectrum. In the photographic region the course 
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Fic. 1.—The full curve represents the total radiation from free electrons in the 
galaxy. Ordinates are 19 + logw J, where the unit of J is ergs per cm? per sec per 
square degree per kc band width. Broken curve shows black-body radiation for 
10,000°. Observational data are entered as follows: 


o—Photographic intensity of diffuse light from Milky Way 

(Henyey and Greenstein) 
+—Radio measures by Jansky (reduced by Reber) 
—Radio measures by Reber 


of the curve is fixed essentially by the bound-free transitions, but to 
the red of 204 they become negligible in comparison to the free-free 
processes. It can be seen that the two curves begin to deviate one 
from the other at a wave length of about 5 meters. This results from 
the fact that the value of 7, changes at this wave length from an 
amount much greater than unity to less than unity, or, physically, 
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at this wave length the radiating layer ceases to be opaque and be- 
comes effectively transparent. 

The crosses in the long-wave region represent the intensities 
measured on radio receivers by Jansky and by Reber. The predic- 
tions of the theory are in satisfactory agreement with Reber’s ob- 
servation, but in the case of Jansky’s data the discrepancy is serious. 
A change in the value of 7, could, at most, lower the computed curve 
very slightly, since the layer is practically opaque at this wave 
length, but could never raise it above the black-body intensity. In 
order to produce the intensity observed by Jansky, it would be 
necessary to have a source at a temperature of the order of 150,000”. 

The observation indicated in the photographic region is the one 
of relatively high precision discussed above." It will be seen that 
this observation falls considerably below the computed curve. In 
reality, if we allow for the probable existence of scattered starlight, 
the curve should pass well below the point. This apparent dis- 
crepancy originates from the large thickness of emitting matter, 
16,000 parsecs, which we have used. The high value of the absorp- 
tion coefficient in the photographic region, amounting to 1 mag. per 
kiloparsec, means that we cannot receive light from an equivalent 
thickness much greater than 1500 parsecs. This requires that the 
intensity at \ 4400 must be cut by a factor of more than 10, in agree- 
ment with our previous conclusions. 

We conclude that interaction between free electrons and ions in 
interstellar space probably produces radiation of observable inten- 
sity in the radio and possibly the visual region of the spectrum. 


L. G. HENYEY 
° Puitie C. KEENAN 
YERKES OBSERVATORY 
February 1940 
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